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ABSTRACT 


Propargyl  bromide  was  found  to  add  hydrogen  bromide  in 
liquid  hydrogen  bromide  stereospecif ically  trans  to  give  cis- 
1 , 3-dibromopropene  under  irradiation.  When  the  radical  hydro- 
bromination  of  propargyl  bromide  was  carried  out  at  room  tem¬ 
perature  in  ether  or  in  pentane  solution  1 , 2-dibromopropene 
was  the  major  product. 

The  mechanism  by  which  1 , 2-dibromopropene  is  formed  has 
been  investigated.  The  study  of  the  isomer  composition  of 
1 , 2-dibromopropene  and  the  kinetic  investigation  of  the  rad¬ 
ical  hydrobromination  at  room  temperature  were  helpful  in 
elucidating  the  mechanism.  It  was  found  that  the  entire 
radical  hydrobromination  of  propargyl  bromide  was  proceeding 
through  bromoallene.  Bromoallene  is  being  formed  by  loss  of 
a  bromine  atom  from  HBrC^-CHgBr  which  was  produced  by  an 
attack  of  a  bromine  atom  on  propargyl  bromide.  The  reaction 
between  a  bromine  atom  and  bromoallene  seems  to  take  place 
very  rapidly  and  only  1/3  to  1/2  of  the  bromoallene  formed 
escapes  from  the  solvent  cage  in  which  it  was  formed. 

Bromoallene  was  found  to  give  1 , 2-dibromopropene  upon 
radical  hydrobromination  at  room  temperature  in  solution. 
However,  when  the  radical  hydrobromination  was  carried  out  in 
liquid  hydrogen  bromide,  a  mixture  of  1,2-  and  1,3-dibromo- 
propenes  was  obtained.  This  phenomenon  is  explained  by  the 
relative  stability  of  intermediates  formed  by  an  attack  of 
a  bromine  atom  on  bromoallene. 
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I N  TRODUC  T I ON 

Many  classes  of  organic  and  inorganic  compounds  are 
known  to  add  across  the  unsaturated  linkage  of  olefins  and 
acetylenes.  Of  particular  interest  to  this  thesis  are  the 
free  radical  additions  of  hydrogen  bromide  to  acetylenes. 

The  addition  of  hydrogen  bromide  to  unsaturated  hydro 
carbons  ordinarily  follows  Markownikof f ’ s  rule.  The  proto¬ 
nation  takes  place  in  such  a  way  as  to  produce  the  more 
stable  of  the  two  possible  carbonium  ions,  as  illustrated 
by  the  addition  of  hydrogen  bromide  to  propene . 

©  © 

CH3-CH=CH2  +  H  - =>CH3-CH-CH3 

©  © 

CH3-CH-CH„  +  Br  - *  CHg-CHBr-CH. 

In  1933,  however,  Kharasch  and  Mayo  reported  that  the  addi 
tion  of  hydrogen  bromide  to  allyl  bromide  in  presence  of 
air  produced  87±5%  of  1 , 3-dibromopropane  in  contradiction 
to  Markownikof f’ s  rule  (1).  When  the  reaction  was  carried 
out  in  absence  of  air  and  light,  65-85%  of  1 , 2-dibromopro- 
pane  was  produced  according  to  Markownikof f * s  rule.  Khara¬ 
sch  and  Mayo  also  reported  that  addition  according  to  Mar¬ 
kownikof  f’s  rule  (normal  addition)  predominated  when  the 
reaction  was  carried  out  in  presence  of  an  antioxidant, 
under  an  atmosphere  of  nitrogen,  nitrogen  dioxide,  nitric 
oxide  or  hydrogen,  or  in  the  presence  of  ferric  and  alumi¬ 
num  salts.  At  the  same  time,  the  rate  of  anti-Markownikof f 
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reaction  (abnormal  addition)  was  accelerated  by  illumination 
and  by  addition  of  peroxide.  It  was  on  this  observation  that 
Kharasch  and  Mayo  coined  the  term  ’’peroxide  effect.” 

This  idea  of  ’’peroxide  effect,”  which  is  known  today  to 
be  a  result  of  an  induced  radical  reaction,  was  not  accepted 
very  readily.  For  example,  Sherrill  and  co-workers  criticized 
Kharasch  and  Mayo  by  pointing  out  that  the  abnormal  addition 
was  caused  by  the  fact  that  the  reactions  were  carried  out  in 
small  quantities  under  pressure  and  not  by  the  presence  of 
peroxide  (2).  In  reply  to  this  criticism,  Kharasch  published 
a  communication  in  which  he  reconfirmed  the  ’’peroxide  effect” 
and  demonstrated  that  the  result  is  independent  of  the  size 
of  a  run  (3).  In  the  six  years  following  his  first  publica¬ 
tion  on  the  ’’peroxide  effect”,  Kharasch  extended  his  work 
to  other  terminal  olefins  such  as  propylene  (4),  chloroethy- 
lene  (5),  1-butene  (6),  2-methylpropene  (7),  and  butadiene 
(8) .  He  also  discovered  that  hydrogen  iodide  was  not  suscep¬ 
tible  to  the  ’’peroxide  effect”  (9,  10). 

Through  Kharasch’ s  investigations,  the  following  cha¬ 
racteristics  became  associated  with  abnormal  additions: 

1.  Illumination  accelerates  the  rate  of  abnormal  addi¬ 
tion  . 

2.  The  dielectric  constant  of  the  solvent  used  may 
affect  the  rate  of  addition,  but  it  has  no  effect  on  the 
direction  of  the  addition. 

3.  Chemicals  such  as  diphenyl  amine,  hydroquinone , 
thiophenols,  thiocresol,  etc.  inhibit  the  abnormal  reaction. 
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4,  Added  peroxide  does  not  induce  abnormal  addition  of 
hydrogen  iodide  to  ethylene  derivatives  but  accelerates  the 
rate  of  normal  addition, 

5,  Hydrogen  chloride  addition  does  not  seem  to  be  affect 
ed  by  the  presence  of  peroxide.  This  agrees  with  the  findings 
of  Brouwer  (11). 

6,  Peroxide  does  not  affect  the  final  product;  therefore 
it  must  affect  an  intermediate. 

Kharasch  (12)  and  Hey  (13)  arrived  at  the  same  mecha¬ 
nism  independently.  The  following  is  the  mechanism  proposed 
by  Kharasch  (12). 


HtBr:  + 

•  9 


O9(peroxide) - >Hi0»0'  + 

•  t  «  * 


:  Br# 


H  H 
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c  e 

H  Br 

At  first  Kharasch  was  led  to  believe  that  the  ’’per¬ 
oxide  effect”  was  only  observable  in  terminal  olefins; 
however,  in  1939,  Kharasch  found  that  2-bromo-2-butene  (14), 
and  2-me thy  1-2-butene  (15)  exhibited  the  ’’peroxide  effect”  . 
Michael  and  Weiner  have  found  similar  results  with  2-methyl- 
2-butene  (16) . 

In  contrast  to  the  extensive  work  done  in  the  field  of 
olefins,  little  work  has  been  reported  on  hydrobrominations 
of  acetylenes,  and  some  of  the  reported  results  are  ambigu¬ 
ous.  For  example,  Young  and  co-workers  found  a  1  to  5  mix¬ 
ture  of  2-bromo-l-hexene  and  1-bromo-l-hexene  upon  hydro- 
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bromination  of  1-hexyne  in  presence  of  hydroquinone  (17).  The 
same  workers  obtained  a  mixture  of  1-bromo-l-hexene  and  1,2- 
dibromohexane  upon  hydrobromination  of  1-hexyne  in  the  pre¬ 
sence  of  peroxide.  Takabayashi  reported  that  an  80-98%  yield 
of  the  normal  addition  product ,o(,c>(-dibromoethylbenzene  was 
obtained  upon  hydrobromination  of  phenyl  acetylene  in  the 
presence  of  various  catalysts  (18).  Bergel’son  obtained  1,2- 
dibromopropene  upon  hydrobromination  of  1-bromo-l-propyne  in 
pentane  under  illumination  at  -78°  (19,  20).  Hydrobrominations 
of  acetylenes  with  neighboring  carbon-carbon  double  bonds  were 
complex  and  no  conclusion  could  be  drawn  from  them  (21,  22, 

23)  . 

The  radical  hydrobromination  of  alkenes  and  alkynes 
was  investigated  in  order  to  increase  our  understanding  of 
the  stereochemistry  of  radicals.  This  subject  was  brought 
into  the  limelight  in  1947  when  Kistiakowsky  made  a  state¬ 
ment  that  radicals  have  a  planar  configuration  (24) .  Some 
workers  felt  that  if  this  statement  was  correct,  one  could 
not  expect  any  stereospecificity  in  addition  reactions  of 
olefins  or  acetylenes.  Mayo  and  Wilzbach  carried  out  ex¬ 
periments  in  1949  to  test  the  validity  of  the  statement 
made  by  Kistiakowsky  concerning  stereochemistry  of  radi¬ 
cals  (25).  Mayo  and  Wilzbach  copolymerized  trans-  and 
cis-1 , 2-dichloroethylene  independently  with  sulfur  dioxide. 

The  resulting  polymers  were  treated  with  potassium  iodide 
and  the  rates  of  iodine  evolution  were  found  to  be  identi¬ 
cal  for  the  polymers  derived  from  both  isomers.  From  this 
observation,  Mayo  and  Wilzbach  concluded  that  the  radicals 
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must  be  planar  or  must  be  in  pyramidal  configurations  whose 
racemization  rates  are  faster  than  the  rates  of  chain  prop¬ 
agation.  Similar  results  were  obtained  by  Skell  and  co-work 
ers  in  1957  regarding  the  stereochemistry  of  copolymeri¬ 
zation  of  2-butene  with  sulfur  dioxide  (26). 

In  1952,  however,  Goering  and  co-workers  observed  that 
radical  hydrobromination  of  1-bromocyclohexane  proceeded 
stereospecif ically  trans  to  give  cis-1 , 2-dibromocyclohexane 
when  the  reaction  was  initiated  by  benzoyl  peroxide  or  by 
illumination  (27). 


Goering  and  co-workers  also  investigated  the  hydrobromi¬ 
nation  of  1-methylcyclohexene .  In  pentane  solution  1-methyl 
cyclohexene  and  hydrogen  bromide  produced  1-bromo-l-me thyl- 
cyclohexane  in  the  absence  of  peroxide;  however,  in  the 
presence  of  peroxide  a  mixture  of  1-bromo-l-me thylcyclo- 
hexane  and  l-bromo-2-me thylcyclohexane  was  produced.  This 
result  was  interpreted  to  mean  that  both  ionic  and  radical 
reaction  took  place,  ionic  reaction  giving  rise  to  the 
tertiary  bromide  and  radical  reaction  giving  rise  to  the 
secondary  bromide.  When  l-bromo-2-methy lcyclohexane ,  the 
radical  product,  was  dehydrobrominated ,  1-methylcyclohexene 


was  obtained. 
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This  result  indicated  that  the  radical  hydrobromination 
again  proceeded  stereospecif ically . 

Non-cyclic  olefins  are  reported  to  add  hydrogen  bromide 
trans  under  radical  conditions.  Goering  and  Larsen  hydrobro- 
minated  2-bromo-2-butene  at  -80°  under  illumination.  Start¬ 
ing  with  the  trans  isomer  they  obtained  83%  d ,  1^-2 , 3-dibromo- 
butane  with  8.3%  meso  isomer,  and  starting  with  cis  isomer, 
they  obtained  92%  meso-2 , 3-dibromobutane  with  5%  d,^  isomer 


(28)  . 
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Skell  and  Allen  added  deuterium  bromide  to  cis-2-butene  at 
low  temperature  under  illumination  and  dehydrobrominated  the 
product  (29).  cis-2-Butene  obtained  from  this  operation  was 
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98%  non-deuterated  compound  and  2%  deuterated  compound. 

From  this  result  they  concluded  that  the  addition  was  stereo- 
specifically  trans .  Skell  and  Freeman  also  found  a  terminal 
olefin,  1-hexene,  to  add  deuterium  bromide  stereospecif icall  y 
trans  (30) . 

Skell  and  Allen  were  the  first  to  observe  stereospecif¬ 
ic  addition  of  hydrogen  bromide  to  an  acetylene.  In  1958 
they  discovered  that  a  radical  hydrobrominat ion  carried  out 
at  -78°  by  illumination  of  propyne  and  hydrogen  bromide  gave 
exclusively  trans ,  anti-Markownikof f ,  addition  to  yield  cis- 
1-bromopropene  (31).  However,  at  the  same  time,  Bergel’son 
claimed  that  a  radical  hydrobrominat ion  of  1-bromopropyne 
proceeded  predominantly  cis  to  give  trans-1 , 2-dibromopropene 
(20,  21).  The  details  of  the  experimental  technique  utilized 
by  Bergel’son  are  not  available.  However,  since  trans-1 , 2- 
dibromopropene  was  found  to  be  more  stable  than  the  cis 
isomer  (see  Results  section),  Bergel’son  might  have  obtained 
the  cis  isomer  which  isomerized  to  trans  isomer. 

The  fact  that  the  hydrobromination  has  been  reported  to 
be  stereospecific  requires  some  refinement  of  the  mechanism 
of  hydrobromination  suggested  by  Kharasch  (12)  and  Hey  (13). 
There  are  three  possible  ways  by  which  the  stereospecific 
addition  may  occur. 

1.  A  bridged  radical  intermediate  suggested  by  Goering 

(28)  . 

2.  A  rapid  abstraction  of  hydrogen  by  the  intermediate 
radical  prior  to  racemization  suggested  by  Goering  (29) . 

3.  A  reactive  hydrogen  bromide-alkene  (or  alkyne) 
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complex  (29,  32). 

Unfortunately,  there  is  no  experimental  evidence  for  or 
against  the  third  hypothesis  in  solution.  In  support  of  the 
second  hypothesis,  Skell  and  Allen  found  that  the  hydrogen 
abstraction  step  is  indeed  very  fast  (33).  To  test  the  first 
hypothesis,  Abell  and  Piette  have  studied  electron  para¬ 
magnetic  resonance  (e.p.r.)  spectra  of  free  radicals  produced 
upon  u.v.  irradiation  of  hydrogen  bromide-alkene  (or  alkyne) 
mixtures  (34) .  Abell  and  Piette  proceeded  on  an  assumption 
that  the  radicals  under  examination  were  produced  by  the 
attack  of  bromine  atoms  on  unsaturated  linkages  and  not  by 
the  attack  of  hydrogen  atoms  since  the  use  of  deuterium 
bromide  or  hydrogen  bromide  gave  rise  to  identical  spectra. 
For  example,  for  trans-  and  cis-2-butene ,  Abell  and  Piette 
obtained  spectra  containing  seven  lines  with  line  separations 
of  12.6  and  10.8  gauss  respectively.  Structure  A  below  was 
discarded  partly  on  the  ground  that  if  A  is  correct,  one 
should  obtain  identical  spectra  from  both  isomers. 


Structure  B  was  favored  by  Abell  and  Piette.  Abell  and 
Piette  attributed  seven  equally  spaced  lines  to  hyperfine 
coupling  with  six  equivalent  /3-hydrogens.  A  reasonable 
assumption  was  made  that  hyperfine  splitting  with  cA-hydrogens 
is  smaller  than  the  line  width.  The  bromine  bridged  struc¬ 
ture  can  also  explain  the  difference  in  the  spectra  obtained 
from  cis  and  trans  isomers.  Similarly,  spectra  from  cis- 
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3-hexene,  cyclopentene ,  cyclohexene,  2-butyne  and  3-hexyne 
were  explained  by  bromine  bridged  structures.  This  work 
seemed  to  be  strong  evidence  for  the  bridged  radical  proposed 
by  Goering  until  Symons  offered  another  interpretation  of 
the  e.p.r.  spectra  obtained  by  Abell  and  Piette.  Symons  (35) 
objected  to  the  explanation  put  forth  be  Abell  and  Piette 
on  the  ground  that  no  hyperfine  coupling  with  bromine  is 
observed  in  any  of  the  spectra.  If  bromine  is  situated 
between  two  carbons  as  in  structure  B,  Symons  said,  one 
should  observe  coupling  with  bromine  atom.  Another  objection 
which  seems  reasonable  is  that  the  £  value  calculated  from 
one  of  the  spectra  is  2.0023,  a  value  expected  for  an  alkyl 
or  allyl  radical.  If  bromine  is  involved,  Symons  said,  the 
g  value  should  be  shifted  upward.  Symons  then  proposed  that 
the  e.p.r.  spectra  obtained  by  Abell  and  Piette  and  by  him¬ 
self  were  those  of  allyl  radicals  produced  by  hydrogen 
abstraction  by  hydrogen  atoms.  For  example,  Symons  stated 
that  the  spectra  reported  for  the  radicals  produced  from 

9 

2-butenes  are  consistent  with  CH2-CH=CH-CH3 .  Seven  lines 
are  attributed  to  hyperfine  coupling  with  three  ^-protons 
and  with  three  /3-protons. 

Likewise,  the  simple  molecular  orbital  theory  developed 
by  Huckel  seems  to  discourage  the  idea  of  a  bridged  radical. 
Huckel’s  theory  indicates  that  in  such  three  centered 
molecular  orbitals  as  in  bridged  radicals,  the  orbitals 
consist  of  one  low  energy  bonding  orbital  and  two  high 
energy  non-bonding  orbitals  (36)  .  In  the  case  of  bridged 
carbonium  ions,  two  electrons  involved  in  bonding  can  be 
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accomodated  in  the  low  energy  bonding  orbital  while  in  the 
case  of  bridged  radicals,  the  third  electron  must  occupy  one 
of  the  high  energy  non-bonding  orbitals  making  bridged  radi¬ 
cals  less  stable  than  non-bridged  radicals.  Using  Huckel's 
theory  and  the  LCAO  method,  Manatt  and  Roberts  calculated 
delocalization  energies  for  the  cyclopropenyl  cation,  radi¬ 
cal  and  anion  and  found  that  the  radical  is  less  stable  than 
the  cation  and  the  anion  is  less  stable  than  the  radical  (37  ) . 
Huckel’s  theory  and  Manatt  and  Roberts’  calculations  are 
well  supported  by  the  experimental  data  collected  by  Breslow. 
Breslow  found  triphenylcyclopropenyl  (38)  and  di-n-propyl- 
cyclopropenyl  cations  (39)  to  be  very  stable  as  predicted. 
Breslow  also  found  the  triphenylcyclopropenyl  radical  (40, 

41)  and  anion  (42)  to  be  very  unstable. 

Although  Breslow’ s  findings  tend  to  reduce  the  importance 
of  a  bridged  radical  intermediate  in  the  cyclopropenyl 
system,  one  can  not  exclude  all  possibility  of  that  type  of 
intermediate  in  other  systems,  since  it  is  possible  for  a 
bridged  radical  intermediate  to  derive  stabilization  by  some 
other  means.  In  the  following  example,  electrons  are  further 
delocalized  by  additional  resonance  structures  (43). 


Whether  or  not  bromine  can  offer  some  type  of  stabilization 
when  involved  in  a  bridge  is  a  question  unanswered  at  this 
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time 


A  bridged  radical  intermediate  has  not  only  been  called 
upon  to  explain  the  stereochemistry  of  addition  reactions  of 
unsaturated  compounds,  but  also  to  explain  the  mechanism  of 
certain  radical  rearrangements,  namely  1,2-shifts.  1,2-Shifts 
have  been  observed  in  many  systems  (44) . 

Recently  Skell,  Allen  and  Gilmour  reported  that  both  t- 
butyl  bromide  and  iso-butyl  bromide  gave  rise  to  l-bromo-2- 
chloro-2-methylpropane  upon  radical  chlorination  with  jt-buty  1 
hypochlorite  (47).  The  product  formation  from  t_-butyl  bromide 
was  explained  by  a  shift  of  a  bromine  atom  via  a  bromine 
bridged  radical.  n This  proposed  mechanism  was  at  least  par¬ 
tially  refuted  by  the  work  of  Haag  and  Heiba  (48) .  A  rather 
complex  radical  chain  reaction  between  carbon  tetrachloride 
and  diazomethane  explained  by  a  1,2-shift  via  a  chlorine 
bridged  radical  has  been  reported  by  Urry  and  Eiszner  (49) . 

A  bridged  halogen  intermediate  was  also  invoked  to  ex¬ 
plain  retention  of  configuration  in  the  radical  bromination 
of  l-bromo-2-methylbutane  by  Skell,  Tuleen  and  Readio  (50). 
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However,  a  similar  phenomenon  in  a  photobrominat ion  of  1- 
cyano-2-methylbutane  has  been  explained  by  an  abstraction  of 
hydrogen  by  Br^*  followed  by  a  fast  reaction  with  Br^  since 
a  cyano  bridged  radical  is  very  unlikely  (51) . 

As  can  be  seen,  a  halogen  bridged  intermediate  does 
offer  a  convenient  explanation  for  the  stereochemistry  of 
radical  hydrobromination,  1,2-shifts  of  halogens  in  radical 
reactions  and  retention  of  configuration  in  radical  halogen- 
ation  reactions.  However,  one  must  be  cautious  in  discarding 
other  possible  explanations  which  may  not  be  as  striking  as  a 
bridged  halogen  intermediate,  but  just  as  logical  or  more 
so  than  bridged  halogen  intermediates.  The  stereochemistry 
of  radical  hydrobrominations  can  be  explained  by  the  other 
two  alternatives  mentioned  earlier.  For  example,  LeBel  found 
that  2-bromo-2-norbornene  yielded  a  mixture  of  isomers  upon 
radical  hydrobromination  (52). 

HBr 
- > 

light 

Br 

This  result  can  not  be  explained  by  a  bridged  bromine  radi¬ 
cal  . 

In  summary,  the  following  facts  are  known  about  the 
hydrobromination  of  acetylenes. 

1 .  Hydrobrominations  of  acetylenes  are  affected  by  the 
presence  of  peroxide. 

2.  Hydrobrominations  seem  to  proceed  stereospecif ically . 

3.  The  intermediate  which  plays  a  part  in  this  type  of 
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stereospecific  addition  may  or  may  not  be  a  bridged  radical. 

Recently  it  was  observed  in  this  laboratory  that  the 
hydrobromination  of  propargyl  bromide  yielded  an  unexpected 
product  when  the  reaction  was  carried  out  in  the  presence  of 
benzoyl  peroxide.  The  course  of  reaction  expected  in  this 
case  was  the  following. 

HC=C-CH2Br  +  Br* - *HBrC=C-CH2Br 

HBrC=C-CH2Br  +  HBr  - ^HBrC=CH-CH2Br  +  Br# 

However,  the  product  obtained  in  the  reaction  was  1,2-dibro- 
mopropene .  It  appeared  that  a  1,2-halogen  shift,  hitherto 
unobserved  in  acetylenes,  was  taking  place.  The  object  of 
this  work  was  to  determine  how  this  shift  was  taking  place, 
particularly  whether  or  not  a  bridged  halogen  intermediate 
was  involved  in  this  shift. 
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RESULTS 


Product  Analysis 

Analyses  were  carried  out  by  gas  liquid  chromatography 
(g.l.c.)  supplemented  by  n.m.r.  spectroscopy  and  infrared 
spectroscopy  whenever  it  became  necessary.  An  internal  stand¬ 
ard  was  used  in  most  of  the  hydrobrominations .  The  use  of  an 
internal  standard  showed  that  polymerization  or  the  addition 
of  two  moles  of  hydrogen  bromide  to  one  mole  of  acetylene  or 
allene  was  not  taking  place  to  any  significant  extent. 
Preliminary  Hydrobrominations  of  Propargyl  Bromide 

Some  hydrobrominations  under  different  conditions  were 
carried  out  to  determine  the  products  of  ionic  and  radical 
reactions.  These  reactions  were  carried  out  in  a  100  ml. 
three-necked  flask  by  bubbling  anhydrous  hydrogen  bromide 
into  the  reaction  mixtures.  In  some  reactions,  the  flask  was 
wrapped  with  aluminum  foil  to  exclude  light.  The  products 
were  separated  by  fractional  distillation  and  analyzed  by  n. 
m.r.  spectroscopy  unless  otherwise  noted.  The  results  are 
tabulated  in  Table  I.  From  the  results  it  was  concluded  that 
the  reactions  carried  out  in  pentane  in  the  presence  of 
benzoyl  peroxide  were  radical  in  nature  and  1 , 2-dibromopropene 
was  the  product  of  a  radical  hydrobrominat ion  of  propargyl 
bromide . 

Ionic  Hydrobrominat ion  of  Propargyl  Bromide 

It  was  very  difficult  to  obtain  100%  ionic  reaction  to 
give  exclusively  2 ,3-dibromopropene  which  appeared  to  be  the 
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TABLE  I 


Preliminary  Hydrobromi nations  of  Propargyl  Bromide 


Solvent 

Conditions 
&  Catalysts 

Products  (Dibromopropene) 

%  1,2-  %  2,3-  %1 ,3- 

None 

Ferric  Chloride 
Hydroquinone 

59.1 

25.8 

15.1 

Ether 

Dark 

Ferric  Chloride 
Hydroquinone 

20.8 

79.2 

.... 

Acetic 

Acid* 

Benzoyl  Peroxide 

35.9 

57.4 

6.7 

Pentane 

Benzoyl  Peroxide 

100.0 

— 

— 

Pentane** 

Benzoyl  Peroxide 

92.4 

3.3 

4.3 

Acetic 

Acicf* 

Hydroquinone 
Ferrous  Chloride 

64.5 

24.8 

10.7 

Acetic 

Acid** 

Benzoyl  Peroxide 

73.5 

11.2 

15.5 

Acetic 

Acicf*' 

Hydroquinone 
Ferrous  Chloride 

70.3 

20.5 

9.2 

Pent an e^^ 

Benzoyl  Peroxide 

97.7 

0.1 

2.3 

Pentand^" 

Dark 

Benzoyl  Peroxide 

92.6 

— 

6 . 4 

Pent  an 

Dark 

91.0 

4.6 

4.4 

This  reaction  was  carried  oat  by  adding  benzoyl 
peroxide-propargyl  bromide  mixture  into  30%  hydrogen 
bromide  solution  in  acetic  acid. 

n-Heptane  was  incorporated  in  the  reaction  mixtures  as 
an  internal  standard.  The  products  were  analyzed  by  g.l. 
In  this  experiment,  only  lgss  than  5%  conversion  was 
observed  after  2  days  at  0  .  Other  hydrobrominations 
listed  here  were  complete  in  2-8  hr. 
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product  of  an  ionic  hydrobromination  of  propargyl  bromide. 
Various  combinations  of  solvents  and  catalysts  were  tried 
with  no  success.  A  neat  reaction  in  the  presence  of  hydro- 
quinone  and  ferric  chloride  yielded  a  product  which  was  a 
mixture  of  59.1%  1 , 2-dibromopropene ,  25.8%  2 , 3-dibromopropene 
and  15.1%  1 , 3-dibromopropene .  A  second  reaction  under  the 
same  conditions  carried  out  in  ether  in  an  aluminum  foil- 
wrapped  flask  gave  79.2%  2 , 3-dibromopropene  and  20.8%  1,2- 
dibromopropene . 

Since  glacial  acetic  acid  was  a  poor  solvent  for  the 
free  radical  reaction,  it  was  used  for  the  ionic  addition. 

In  this  case,  hydroquinone  and  ferrous  chloride  were  used 
as  free  radical  inhibitors  and  propargyl  bromide  used  in 
this  run  was  shaken  with  potassium  iodide  solution  to 
destroy  organic  peroxide  immediately  before  the  addition 
was  carried  out.  In  spite  of  this  precaution,  the  product 
from  this  run  contained  70.3%  1 , 2-dibromopropene ,  20.5% 

2 , 3-dibromopropene ,  and  9.2%  1 , 3-dibromopropene .  The  cause 
for  the  presence  of  such  a  great  amount  of  free  radical 
product  might  have  been  due  to  the  low  solubility  of  hydro¬ 
quinone  in  glacial  acetic  acid. 

Since  ether  proved  to  be  a  satisfactory  solvent  for 
the  ionic  hydrobromination,  a  saturated  solution  of  hydrogen 
bromide  in  diethyl  ether  was  utilized.  This  time,  the  flask 
was  purged  with  nitrogen  prior  to  charging  and  a  nitrogen 
stream  was  passed  through  the  reaction  mixture  at  all  times. 
The  inhibitors  used  were  hydroquinone  and  ferrous  chloride. 
The  reaction  was  carried  out  in  the  dark  to  yield  a  mixture 
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of  8.6%  1 , 2-dibromopropene ,  85.3%  2 , 3-dibromopropene  and  6.1% 

1 . 3- dibromopropene .  This  is  the  highest  percentage  of  2, 3-di¬ 
bromopropene  that  was  formed  in  a  reaction. 

Hydrobromi nation  of  Styrene-Propargy 1  Bromide  M ixture 

In  an  attempt  to  varify  that  the  hydrobromination  of 
propargyl  bromide  carried  out  in  pentane  in  the  presence  of 
benzoyl  peroxide  is  a  100%  radical  reaction,  a  mixture  of 
styrene  and  propargyl  bromide  was  hydrobrominated  using  these 
conditions.  It  was  assumed  that  styrene  yielded  only  /3-bromo- 
ethylbenzene  upon  radical  hydrobromination.  Styrene  gave  rise 
to  a  mixture  of  65%/?-  and  35%  (A-bromoethylbenzene ,  and 
propargyl  bromide  gave  rise  to  only  1 , 2-dibromopropene  under 
these  conditions.  It  was  discovered  later  that  styrene  does 
not  produce  100%  /3-bromoethy lbenzene  upon  radical  hydrobromi¬ 
nation  (14)  . 

Hydrobromination  of  Bromoallene 

It  was  suspected  that  some  bromoallene  may  be  formed  as 
an  intermediate  during  the  hydrobrominations  of  propargyl 
bromide.  Bromoallene  was  prepared  in  the  manner  described  by 
Jacobs  (55)  and  was  hydrobrominated  in  pentane  in  the  presence 
of  benzoyl  peroxide.  The  products  from  the  run  were  95%  1,2- 
dibromopropene  and  approximately  5%  1 , 3-dibromopropene .  When 
bromoallene  was  hydrobrominated  in  the  dark  under  a  nitrogen 
atmosphere  in  the  presence  of  hydroquinone  and  ferrous  chloride, 
86.0%  1 , 3-dibromopropene ,  10.8%  1 , 2-dibromopropene  and  2.2% 

2 . 3- dibromopropene  were  obtained. 
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Competition  Reaction  Between  Cyclohexene  and  1-Bromocyclohexene 

The  experiments  described  here  were  carried  out  to  gain 
some  insight  into  the  direction  of  hydrobromination  of  bromo- 
allene . 

Equimolar  amounts  of  cyclohexene  and  1-bromocyclohexene 
were  allowed  to  react  with  excess  hydrogen  bromide  in  anhydrous 
ether  under  u.v.  irradiation.  Cyclohexene  was  1.5  times  as 
reactive  as  1-bromocyclohexene.  In  pentane,  cyclohexene  was 
found  to  be  1.37  times  as  reactive  as  1-bromocyclohexene. 
Detection  of  Bromoallene  in  the  Radical  Hydrobromination  of 
Propargyl  Bromide 

Since  bromoallene  was  found  to  give  products  upon  radical 
hydrobromination  identical  to  those  obtained  from  the  radical 
hydrobromination  of  propargyl  bromide,  a  hydrobromination  of 
propargyl  bromide  was  carried  out  to  see  if  bromoallene  is 
being  formed  during  hydrobromination. 

The  reaction  was  carried  out  under  a  nitrogen  atmosphere 
in  pentane  solution  at  room  temperature  in  the  presence  of 
benzoyl  peroxide  without  a  dry  ice-acetone  condenser  to  16.6% 
conversion.  At  this  time  the  reaction  mixture  contained  10.5% 
bromoallene.  The  propargyl  bromide  initially  contained  1.3% 
bromoallene.  Some  organic  material  carried  out  with  the  nitro¬ 
gen  stream  was  trapped  in  a  dry  ice-acetone  trap.  This  consist¬ 
ed  mainly  of  solvent  but  did  contain  a  mixture  of  23%  bromoal¬ 
lene  and  77%  propargyl  bromide.  Several  reaction  profiles  were 
then  studied  by  analyzing  aliquots  of  reaction  mixtures  at  vari¬ 
ous  time  intervals.  All  of  the  reaction  profiles  indicated 
that  the  concentration  of  bromoallene  reached  a  maximum  of 
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around  10%  before  decreasing.  A  typical  profile  is  shown  in 
Figure  I . 

Competition  Reaction  of  Bromoallene  and  Propargy 1  Bromide 

A  mixture  of  bromoallene  and  propargyl  bromide  was 
hydrobrominated  in  pentane  in  the  presence  of  benzoyl  peroxide 
and  n-heptane  to  find  out  the  reactivity  of  propargyl  bromide 
relative  to  that  of  bromoallene.  The  reactivity  was  calculated 
by  dividing  the  amount  of  bromoallene  consumed  by  the  amount 
of  propargyl  bromide  consumed  in  the  first  63%  of  the  reaction 
and  was  found  to  be  1.9.  (see  Figure  II) 

Trapping  of  HBrC=C-CH^Br 

In  order  to  determine  if  bromoallene  was  formed  during 
a  radical  hydrobromina tion  of  propargyl  bromide  by  a  one  step 
or  a  two  step  process,  a  series  of  experiments  was  carried 
out.  It  was  suggested  that  it  should  be  possible  to  trap  the 
vinyl  radical  shown  below  if  bromoallene  is  being  formed  by 
the  following  two  step  process. 

HC=C-CH2Br  +  Br* - *  HBrC=C-CH2Br 

HBrC=C-CH2Br - *HBrC=OCH2  +  Br* 

The  product  of  a  successful  trapping  is  1 , 3-dibromopropene . 
However,  it  was  shown  that  the  product  of  an  ionic  reaction 
between  hydrogen  bromide  and  bromoallene  was  1, 3-dibromo¬ 
propene  also.  Therefore,  it  was  of  vital  importance  to  induce 
100%  free  radical  reaction  in  a  trapping  experiment.  It  was 
decided  that  hydrogen  bromide  itself  was  one  of  the  best 
trapping  agents;  therefore,  attempts  were  made  to  have  an 
excess  of  hydrogen  bromide  and  still  induce  complete  radical 
reaction.  A  saturated  solution  of  hydrogen  bromide  in  glacial 
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FIGURE  _I  Reaction  Profile  of  the  Radical  Hydrobromination  of  Propargyl 
Bromide  in  Pentane  at  25° . 
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ace  tic  acid  (30%)  was  used  as  a  solvent  in  one  reaction. 

In  spite  of  the  fact  that  3.5  mole  per  cent  of  benzoyl 
peroxide  was  present,  57.4%  of  2 , 3-dibromopropene  (an  ionic 
product)  was  found  in  the  product  after  50  min.  The  rest 
of  the  product  was  35.9%  1 , 2-dibromopropene  and  6.7%  1,3- 
dibromopropene .  A  similar  experiment,  in  which  a  solu¬ 
tion  of  propargyl  bromide  and  benzoyl  peroxide  in  n-heptane 
was  added  to  a  saturated  solution  of  hydrogen  bromide  in 
glacial  acetic  acid  with  benzoyl  peroxide,  yielded  73.5% 

1 . 2- dibromopropene ,  11.2%  2 , 3-dibromopropene  and  15.5% 

1 . 3- dibromopropene .  This  experiment  did  not  provide  any 
more  proof  for  the  mechanism  proposed  for  the  formation  of 
bromoallene  since  the  presence  of  2 , 3-dibromopropene 
indicated  that  the  reaction  was  not  completely  radical  in 
nature . 

It  was  believed  that  the  experiments  in  glacial 
acetic  acid  were  not  successful  in  inducing  100%  free 
radical  reaction  because  of  the  polarity  of  the  acetic 
acid;  therefore,  a  search  was  made  for  a  less  polar  solvent. 
Diethyl  ether  seemed  to  be  an  appropriate  solvent  because 
of  its  ability  to  dissolve  a  large  quantity  of  hydrogen 
bromide.  At  25°  it  was  possible  to  make  a  saturated  ether 
solution  of  hydrogen  bromide  containing  40%  by  weight  of 
hydrogen  bromide  by  simply  bubbling  anhydrous  hydrogen 
bromide  into  ether.  The  problem  with  the  use  of  ether  as  a 
solvent  is  the  fact  that  ether  forms  an  explosive  mixture 
with  organic  peroxides.  Because  of  this,  the  reaction  had 
to  be  carried  out  without  a  catalyst.  By  a  simultaneous 
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addition  of  hydrogen  bromide  and  propargyl  bromide  into  the 
saturated  solution  of  hydrogen  bromide  in  Mallinckrodt ’ s  anhy¬ 
drous  ether,  at  77.6%  conversion,  a  mixture  of  16.4%  1,2- 
dibromopropene ,  73%  2 , 3-dibromopropene  and  10.5%  1,3-dibro- 
mopropene  was  obtained.  Thus  the  use  of  Mallinckrodt ’ s 
ether  as  a  radical  hydrobromination  solvent  in  the  absence 
of  a  catalyst  proved  to  be  unsuccessful. 

Low  temperature  hydrobromination  proved  to  be  useful. 

The  reaction  vessel  was  immersed  in  a  dry  ice-acetone  bath 
and  the  hydrobromination  was  carried  out  in  pentane  solution  with 
illumination  and  benzoyl  peroxide.  The  product  from  this 
run  analyzed  to  be  33.6%  1 , 2-dibromopropene  and  66.4%  1,3- 
dibromopropene .  A  radical  hydrobromination  of  bromoallene 
similar  to  the  one  above  in  pentane  gave  exclusively  1,2- 
dibromopropene  indicating  that  none  of  the  1 , 3-dibromopro¬ 
pene  in  the  previous  run  came  from  bromoallene. 

Product  Identifications 

Since  it  is  very  dangerous  to  identify  components  of  a 
mixture  solely  on  the  basis  of  their  retention  times  in 
g.l.c.,  all  the  products  were  separated  using  an  Aerograph 
Autoprep  and  all  except  2 , 3-dibromopropene  were  identified 
by  comparison  to  the  authentic  compounds  using  infrared 
and/or  n.m.r.  spectroscopy. 

Under  the  conditions  used  in  analyzing  the  products 
(see  Experimental),  the  following  was  the  order  of  elution 
of  various  products:  bromoallene,  propargyl  bromide,  trans- 
1 , 2-dibromopropene ,  cis-1 , 2-dibromopropene ,  2 , 3-dibromopro¬ 


pene,  cis-1 , 3-dibromopropene ,  trans-1 , 3-dibromopropene . 
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Bromoallene:  This  compound  was  obtained  by  carrying 
out  a  large  scale  radical  hydrobromination  of  propargyl 
bromide  which  gave  a  mixture  of  products  containing  bromo- 
allene  and  propargyl  bromide.  The  mixture  was  separated  by 
fractional  distillation  and  a  fraction  containing  bromo- 
allene  and  propargyl  bromide  was  collected.  The  n.m.r. 
spectrum  of  this  mixture  was  superimposable  with  that  of 
the  authentic  bromoallene-propargyl  bromide  mixture  prepared 
by  the  method  described  by  Jacobs  (55) .  The  authentic 
bromoallene  had  a  retention  time  identical  with  this  compound. 

1 . 2- Dibromopropene:  This  compound  was  prepared  and 
isolated  by  the  same  technique  used  for  bromoallene.  Pure 
isomers  were  isolated  by  g.l.c.  The  isomer  eluted  first 
gave  rise  to  an  infrared  spectrum  which  showed  a  weak 
absorption  band  at  1615  cm-1  as  did  the  authentic  trans- 

1 , 2-dibromopropene  prepared  by  bromination  of  propyne . 

The  other  isomer,  presumably  cis,  gave  rise  to  an  infrared 
spectrum  which  showed  a  medium  strong  absorption  band  at 
1615  cm"'*'  as  did  the  authentic  cis-1 , 2-dibromopropene 
prepared  by  isomerization  of  authentic  trans-1 ,2-dibromo- 
propene .  The  n.m.r.  spectra,  infrared  spectra  and  the 
retention  times  of  these  compounds  collected  from  g.l.c. 
were  identical  with  those  obtained  from  authentic  compounds. 

2 . 3- Dibromopropene:  This  compound  was  separated  by 
g.l.c.  from  a  reaction  mixture  resulting  from  an  ionic  hydro¬ 
bromination  of  propargyl  bromide.  Only  a  very  small  amount 
of  this  compound  was  available;  therefore,  identification  of 
this  compound  was  based  on  its  n.m.r.  data  alone.  The 
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n.m.r.  spectrum  of  this  compound  showed  a  multiplet  at 
3.91r,  a  doublet  at  4.32^:  (J=2.2  c.p.s.),  and  a  doublet  at 
5.75^  (J=1.0  c.p.s.).  Whipple  et  al.  reported  A=-0.91  p.p.m., 
B=-0.51  p.p.m.  and  X=0.96  p.p.m.  relative  to  water 
for  2 , 3-dibromopropene  (57).  The  coupling  constants  reported 
were  J^x=l.l  c.p.s.,  JBX=  c.p.s.  The  observed  spectrum 

is  consistent  with  the  data  reported  by  Whipple,  Goldstein 
and  McClure. 

1 , 3-Dibromopropene*.  This  compound  was  separated  from 
the  reaction  mixture  from  which  2 , 3-dibromopropene  was 
obtained.  The  second  from  the  last  product  eluted  was 
liquid  at  dry  ice-acetone  bath  temperature  and  gave  an  n.m.r. 
spectrum  which  was  identical  with  that  obtained  from  the 
authentic  cis-1 , 3-dibromopropene  prepared  by  the  method 
described  by  Hatch  and  Harwell  (45,58).  The  last  product 
eluted  was  a  solid  at  -78°  and  the  n.m.r.  spectrum  was 
superimposable  with  that  of  the  authentic  t;rans-l , 3-dibromo¬ 
propene  prepared  by  the  method  described  by  Hatch  and 
Harwell  (45,58).  Infrared  spectra  are  reported  in  the 
Experimental  section  and  they  were  consistent  with  those 
of  the  authentic  isomers. 

Equilibration  Studies  of  1 , 2-  and  1 , 3-Dibromopropene 

Pure  isomers  were  subjected  to  the  reaction  conditions 
and  the  change  in  isomer  ratio  was  measured  until  there  was 
no  further  change  to  determine  the  composition  of  an 
equilibrated  mixture.  The  results  of  these  studies  are 
summarized  in  Table  II. 
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TABLE  n 

Equilibrations  of  Isomers  of  1 , 2-  and  1 , 3-Dibromopropene 


Compound 


Equilibrated  Mixture 


1 , 2-Dibromopropene 

approached  from  cis  76.8%  trans 

approached  from  trans  77.1%  trans 


1 , 3-Dibromopropene 

approached  from  cis  84.5%  cis 

approached  from  trans  83.1%  cis 


Stereochemical  Studies 

A  series  of  experiments  at  -78°  was  carried  out  to  deter¬ 
mine  if  the  hydrobromination  of  propargyl  bromide  was  stereo - 
specific.  Some  of  the  earlier  runs  are  summarized  in  Table  III. 
Size  of  the  runs  varied  but  all  were  around  8.4  millimoles. 
Sampling  of  the  reaction  mixture  without  delay  offered  some 
problems.  Quenching  was  not  very  convenient  since  the  reaction 
mixture  sometimes  contained  a  considerable  amount  of  hydrogen 
bromide  gas.  Degassing  using  a  water  aspirator  proved  to  be 
more  convenient,  but  it  was  not  instantaneous  and  altered  the 
isomer  ratio. 

Table  IV  summarizes  a  similar  series  of  runs.  The  object 
of  this  series  was  to  determine  the  isomer  composition  of  1,3- 
dibromopropene  at  zero  per  cent  conversion.  In  all  the  runs 
listed  in  Table  IV,  excess  propargyl  bromide  was  dissolved  in 
liquid  hydrogen  bromide.  The  reactions  were  carried  out  by 
alternately  irradiating  and  cooling.  The  resulting  mixtures 
were  degassed.  The  major  product  was  1 , 3-dibromopropene  which 
was  believed  to  be  the  product  of  trapping  of  HBrC=C-CH2Br . 
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A  plot  of  the  data  reported  in  Table  IV  when  extrapolated  to 
zero  per  cent  conversion  reached  95.2%  cis-1 , 3-dibromopropene . 

In  order  to  check  the  technique  being  used,  methyl  acet¬ 
ylene  was  hydrobrominated  under  the  conditions  used  in  the 
above  series  of  experiments  since  it  is  known  to  give  exclu¬ 
sively  trans  addition  (31).  Aliquots  of  the  reaction  mixture 
were  examined  when  it  had  been  degassed  for  8  min.  and  for 
30  min.  The  isomeric  distribution  of  1-bromopropene  produced 
was  91.6%  cis  and  98.9%  cis  respectively  at  40.3%  conversion. 

TABLE  IV 

I somer  Composition  of  1 , 3-Dibromopropene  at  Various  Conversio  ns 

%  Conversion  Time  Exposed  %  cis-1 ,3-Dibromo-  %  Bromoallene 

propene 


83.1 

10  min. 

87.6 

0.5 

38.5 

2 . 5min . 

91.6 

1.6 

9.3 

15  sec. 

94.0 

1.0 

• 

oo 

5  sec . 

94.6 

2.9 

Following  this  observation,  another  hydrobromination  was 
carried  out  using  propargyl  bromide  and  the  resulting  reaction 
mixture  was  divided  into  two  parts.  One  part  was  degassed  for 
50  min.  and  the  other  part  was  degassed  for  120  min.  at  -78°. 
The  isomeric  distribution  of  1 , 3-dibromopropene  was  90.3% 
cis  and  93,1%  cis ,  respectively.  These  experiments  showed 
that  the  residual  hydrogen  bromide  affects  the  analysis  of 
the  reaction  mixture;  therefore,  reaction  mixtures  were 
exposed  to  a  sun  lamp  while  in  a  cooling  bath  and  they  were 
then  distilled  under  reduced  pressure  to  remove  residual 
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hydrogen  bromide.  Using  this  procedure,  it  was  possible  to 
obtain  99.5%  cis-l-bromopropene  from  the  hydrobromination  of 
methyl  acetylene.  Table  V  summarizes  the  results  obtained 
from  the  hydrobromination  of  propargyl  bromide  using  this 
technique . 


TABLE  V 

Product  Analysis  of  Hydrobromination  of 
Propargyl  Bromide  j^~"^7|F~ 


%  Conversion  %  Bromoallene  %  1,2-Dibromo-  %  1,3-Dibromo- 

propene  (%  trans)  propene  (%  cis) 


30.0 

4.5 

6.8 

(77.2) 

88.7 

(96.0) 

11.0 

18.4 

6.0 

(77.1) 

75.6 

(97.5) 

2.1 

25.6 

4.6 

(77.0) 

69.8 

(98.8) 

When  a  plot  of  isomer  composition  against  %  conversion 
using  the  data  tabulated  above  is  extrapolated  to  zero  per 
cent  conversion,  the  intercept  is  99.2%  cis-1 ,3-dibromopropene 
(see  Figure  III). 

Table  VI  summarizes  the  product  composition  of  the  hydro- 
brominations  of  bromoallene  carried  out  as  described  above. 

TABLE  VI 

Product  Analysis  of  Hydrobromination  of 
Bromoallene  at  -78° 

%  Conversion  %  1 , 2-Dibromopropene  %  1 , 3-Dibromopropene 

(%  trans)  (%  cis) 


48.0 


9.3 


75.2  (50.8) 
73.1  (51.4) 


24.8  (92.6) 

26.9  (95.5) 


' 
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cis-1 , 3-Dibromopropene 
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Relationship  of  Isomer  Composition  of  1 , 3-Di¬ 
bromopropene  to  %  Conversion  in  the  Radical 
Hydrobromi nation  of  Propargyl  Bromide  at  -78° 
in  the  Absence  of  Solvent. 


FIGURE  III 
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Stabili ty  of  HBrC^CBr-CHp 

The  purpose  of  this  series  of  experiments  was  to  determine 
whether  the  allylic  radical  HBrC=CBr-CH2  is  configurationally 
stable  under  the  reaction  conditions.  jt-Butyl  hypochlorite  was 
chosen  as  the  chlorinating  agent  since  it  is  known  to  abstract 
a  hydrogen  atom  from  an  allylic  position  and  chlorinate  at  that 
position  by  a  chain  mechanism  (47)  .  jt-Butyl  hypochlorite  was 
used  successfully  to  show  that  the  2-butenes  are  configura¬ 
tionally  stable  during  radical  chlorination  (47).  It  was  found 
that  oxygen  inhibited  the  chain  chlorination  by  t-butyl  hypo¬ 
chlorite;  therefore,  oxygen  was  excluded  from  the  reaction 
mixture  by  degassing.  A  mixture  of  t_-butyl  hypochlorite  and 

1 . 2- dibromopropene  was  cooled,  degassed  and  irradiated  by  a 
sun  lamp  at  -78°.  The  resulting  reaction  mixture  was  analyzed 
by  g.l.c.  on  a  silicon  gum  column  or  Apiezon  grease  column 
since  the  Ucon  oil  column  induced  decomposition  of  the  products. 
Using  this  technique  and  starting  with  99+%  trans-1 , 2-dibromo - 
propene,  at  least  six  products  were  observed  by  g.l.c.  after 
chlorination.  Two  of  the  products  had  the  same  retention  tines 
as  authentic  samples  of  isomers  of  1 , 2-dibromo-3-chloropropene 
which  were  the  expected  products.  The  isomer  composition  of 

1 . 2- dibromo-3-chloropropene  observed  was  39.4%  trans . The 
authentic  samples  of  cis-  and  trans-1 , 2-dibromo-3-chloropropene 
were  prepared  by  bromination  of  propargyl  chloride.  The 
starting  material  had  isomerized  to  93.5%  trans-1 ,2-dibromo- 
propene . 

In  order  to  see  if  1 , 2-dibromo-3-chloropropene  isomerized 
in  the  presence  of  t-butyl  hypochlorite,  1 , 2-dibromo-3-chloro- 
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propene  was  treated  with  jt-butyl  hypochlorite  for  15  min. 
under  illumination.  1 , 2-Dibromo-3-chloropropene  was  analyzed 
to  be  25.1%  cis  after  this  treatment.  Originally,  the  1,2- 
dibromo-3-chloropropene  was  33.2%  cis .  At  least  two  other 
products  with  longer  retention  times  were  present.  This 
indicated  that  either  isomerization  induced  by  the  presence 
of  t-butyl  hypochlorite  was  toward  trans  or  one  of  the 
isomers  reacted  preferentially. 

A  possibility  existed  that  the  g.l.c.  peaks  under 
observation  might  belong  to  entirely  different  compounds  with 
the  same  retention  times  as  cis-  and  trans- 1 , 2-dibromo-3- 
chloropropene .  However,  when  a  sample  of  a  mixture  of  two 
compounds  (thought  to  be  cis-  and  trans- 1 , 2-dibromo-3-chloro- 
propene)  collected  from  g.l.c.  was  scanned  in  a  100  MC  n.m.r. 
spectrometer,  the  spectrum  obtained  was  consistent  with  1,2- 
dibromo-3-chloropropene  (see  Experimental) . 

The  synthetic  1 , 2-dibromo-3-chloropropene  was  examined 
by  the  following  methods. 

1.  The  compound  was  treated  with  alcoholic  silver  nitrate, 
and  a  white  precipitate  was  obtained.  By  the  same  treatment, 
allyl  chloride  gave  a  white  precipitate  and  allyl  bromide 

gave  a  yellow  precipitate. 

2.  The  precipitate  obtained  from  the  synthetic  1,2-di- 
bromo-3-chloropropene  was  dissolved  in  sulfuric  acid  with 
zinc.  The  solution  was  treated  with  potassium  permanganate 
and  shaken  with  carbon  tetrachloride.  The  carbon  tetra¬ 
chloride  layer  was  colorless.  The  same  observation  was  made 
when  the  precipitate  from  allyl  chloride  was  treated  as  above, 
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but  when  the  precipitate  from  allyl  bromide  was  treated 
similarly,  a  brown  color  developed  in  the  carbon  tetrachloride 
layer  indicating  the  presence  of  bromine. 

3.  1 , 2-Dibromo-3-chloropropene  was  cleaved  by  ozonolysis. 
The  haloacetic  acid  formed  by  oxidative  hydrolysis  of  the 
ozonide  was  esterified  with  p-phenyl  phenacyl  bromide.  The 
melting  point  of  the  ester  obtained  was  115-6°.  The  p-phenyl 
phenacyl  chloroacetate  has  been  reported  to  melt  at  116-7°  (59) . 
Construction  of  Glass  Hydrobromi nation  System 

Up  to  this  time,  in  the  hydrobromination  reactions 
carried  out  in  solution,  the  exact  concentration  of  hydrogen 
bromide  was  not  known.  An  attempt  to  prepare  a  stable 
hydrogen  bromide  solution  of  a  known  concentration  in  ether 
failed  apparently  due  to  acid  catalyzed  hydrolysis  of  the 
ether.  A  closed  system  of  glass  consisting  of  a  hydrogen 
bromide  reservoir,  an  ether  reservoir,  a  reactor,  a  dry  ice- 
acetone  condenser  and  a  manometer  was  constructed.  With  this 
system,  liquid  hydrogen  bromide  was  measured  by  volume  at 
-78°  and  transferred  to  the  reactor  by  distillation  thus 
enabling  the  calculation  of  hydrogen  bromide  concentration. 

The  solution  thus  prepared  was  used  immediately.  All  of  the 
reactions  in  this  system  were  carried  out  under  positive 
nitrogen  pressure. 

Reproduceabili ty 

The  closed  system  was  used  to  determine  whether  an 
experiment  can  be  reproduced  within  reasonable  limits.  The 
following  table  shows  two  radical  hydrobromination  runs  at 
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room  temperature  in  distilled  anhydrous  ether  solution  using 
0.324  M.  hydrogen  bromide  and  0.324  M.  propargyl  bromide. 

TABLE  VII 

Agreement  Between  Two  Radical  Hydrobrominations 
of  Propargyl  Bromide  Carried  out  in  a  Closed  System 


Time  %  Bromo-  %  Propargyl  %  Dibromopropene 

(hr.)  allene  Bromide  1,2-  2,3- 

I  II  I  II  I  II 


0.5 

13.5 

11.7 

44.7 

48.0 

41.8 

40.3 

trace 

1.0 

10.9 

11.0 

25.5 

29.5 

63.7 

59.7 

tt 

3.0 

2.6 

3.6 

4.7 

6.5 

92.7 

90.0 

tt 

Radical  Hydrobromi nation  in  the  Closed  System 

The  following  tables  VIII  through  XII  tabulate  the 
results  of  the  hydrobrominations  at  various  initial  hydrogen 
bromide  and  propargyl  bromide  concentrations.  These  results 
were  used  for  the  kinetic  studies.  Propargyl  bromide  used  in 
this  series  of  experiments  contained  less  than  one  per  cent 


bromoallene . 
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TABLE  VIII 

Result  of  a  Radical  Hydrobromination  of  Propargyl 
Bromide  in  the  Closed  System  1 


Time  Bromoallene  Propargyl  Bromide  %  Dibromopropenes 


min  . 

% 

% 

1,2- 

2,3- 

1,3- 

3 

3.9 

92.1 

4.0 

— 

— 

9 

8.1 

74.7 

16.9 

trace 

— 

14 

10.1 

64.0 

25.9 

ft 

— 

19 

11.3 

54.8 

33.8 

tt 

— 

24 

11.8 

50.3 

37.8 

ft 

— 

29 

12.0 

43.7 

44.2 

tt 

— 

34 

11  .6 

42.0 

46.0 

tt 

— 

39 

11  .2 

37.9 

50.7 

tt 

— 

[HBr] 

n  =  0.354 

M. 

Propargyl  Bromide] 

=  0.354  M. 

A/B 

=  3.95  (A/B 

represents  the  ratio  of  propargyl  bromide 

to  bromoallene 

s  at  maximum  bromoallene 

concentration . ) 

TABLE  IX 

Results 

of 

a  Radical  Hydrobromination  of  Propargyl 

Bromide 

in 

the  Closed  System  II 

Time 

Bromoallene 

Propargyl  Bromide  % 

Dibromopropenes 

min . 

% 

% 

1,2- 

2,3- 

1,3- 

2 

6.1 

80.1 

13.7 

trace 

trace 

6 

11.0 

60.2 

28.7 

tt 

tt 

8 

10.9 

53.8 

35.3 

tt 

tt 

10 

11.0 

50.4 

38.6 

tt 

tt 

20 

10.0 

35.5 

54.6 

tt 

tt 

[HBr]  =  0 .324  M.  [pb]q  =  0.100  M. 


A/B  =4.07 


100^ 


-36- 


io 


(%)  uoi^j;uaouoo 


FIGURE  IV  Concentration  of  Bromoallene  in  Radical  Hydrobromi nation  of  Propargyl 

Bromide  in  a  Closed  System  (Table  VIII ) . 
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TABLE  X 

Results  of  a  Radical  Hydrobromination  of  Propargyl 
Bromide  in  the  Closed  System  III 

Time  Bromoallene  Propargyl  Bromide  %  Dibromopropenes 


min . 

% 

% 

1,2- 

2,3- 

1,3- 

2 

3.6 

89.0 

7.4 

— 

— 

4 

7.0 

76.4 

16.6 

— 

— 

6 

8.4 

64.5 

27.1 

— 

— 

8 

10.1 

53.2 

33.8 

trace 

2.8 

10 

10.3 

48.8 

38.8 

tt 

2.0 

15 

9.5 

31.8 

55.6 

M 

3.0 

20 

7.3 

23.9 

66.2 

0.2 

2.5 

45 

3.7 

8.3 

84.5 

0.2 

3.5 

60 

1.0 

1.9 

92.1 

0.5 

4.5 

[HBr]  , 

0  =  0.324 

M. 

[pb]  q  =  0.0324  M. 

A/B 

=  4.73 

TABLE  XI 

Results 

of 

a  Radical  Hydrobromination  of  Propargyl 

Bromide 

in 

the  Closed  System  IV 

Time 

Bromoallene 

Propargyl  Bromide 

% 

Dibromopropenes 

min . 

% 

% 

1,2- 

2,3- 

1,3- 

2 

3.1 

85.0 

7.2 

— 

4.7 

4 

7.4 

68.7 

18.7 

— 

5.2 

6 

6.7 

64.7 

22.9 

— 

5.7 

8 

7.2 

56.8 

29.9 

— 

6.6 

10 

8.0 

51.5 

34.4 

— 

6.0 

[HBr]  =  0.324  M.  [pb]  =  0.008  M.  A/B  =  unknown 
The  maximum  bromoallene°concentration  has  not  been  reached 
at  10  min.  reaction. 
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TABLE  XII 


Time 
min . 

Results  of 
Bromide  in 

Bromoal lene 

% 

a  Radical  Hydrobromination  of  Propargyl 
the  Closed  System  V 

Propargyl  Bromide  %  Dibromopropenes 

%  1,2-  2,3-  1,3- 

2 

8.5 

77.1 

14.4 

— 

— 

4 

10.9 

68.1 

21.0 

— 

— 

6 

11.5 

65.0 

23.5 

— 

— 

8 

12.2 

60.4 

25.2 

trace 

2.2 

10 

11.7 

55.6 

30.0 

tt 

2.5 

15 

12.7 

50.7 

32.4 

tt 

3  .9 

20 

12.2 

45.7 

38.6 

tt 

3  .3 

25 

12.6 

39.6 

43  .4 

tt 

4.2 

30 

11.5 

37.0 

47.3 

tt 

3.6 

60 

8.5 

19.4 

65.3 

tt 

6.3 

[HBr]  o 

,  =  1.296  M. 

[pb]0  =  0.032  M.  A/B 

-  4.0 

Attempted  Hydrobromination  in  Solution  at  - 

78° 

An  attempt  was  made  to  carry  out  a  radical  hydrobromi- 
nation  at  -78°  in  ether  to  see  how  much  this  reaction  differed 
from  a  radical  hydrobromination  at  room  temperature.  However, 
when  a  0.324  M.  solution  of  hydrogen  bromide  in  ether  was 
cooled  to  -78°,  a  white  solid  separated.  The  white  solid  was 
apparently  an  ether-hydrogen  bromide  complex  which  solidified 
at  this  temperature.  Propargyl  bromide  was  added  to  this 
slush  which  was  then  irradiated  for  one  hour,  but  no  reaction 
took  place. 

Another  attempt  was  made  to  carry  out  a  radical  hydro- 
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bromination  at  -78°  in  pentane.  At  -78°,  a  0,324  M.  solution 
of  hydrogen  bromide  in  pentane  was  prepared  which  appeared 
to  be  homogeneous.  However,  as  soon  as  propargyl  bromide  was 
added,  turbidity  developed.  The  major  product  from  this 
reaction  was  1 , 3-dibromopropene . 

It  was  found  from  an  independent  experiment  that  mixtures 
of  pentane  and  hydrogen  bromide  and  of  pentane  and  propargyl 
bromide  formed  homogeneous  solutions.  Also  it  was  found  that 
when  water  was  added  to  a  pentane-propargyl  bromide  solution, 
the  water  solidified  on  the  wall  of  the  flask  leaving  a 
homogeneous  solution.  Turbidity  developed  only  when  hydrogen 
bromide  was  added  to  a  pentane-propargyl  bromide  solution  or 
when  propargyl  bromide  was  added  to  a  pentane-hydrogen  bromide 
solution . 

Hydrobromi nation  in  Solution  at  -20° 

A  solution  of  hydrogen  bromide  in  ether  (0.324  M.)  was 
prepared  at  -20°.  At  this  temperature,  there  was  no  solid 
in  the  solution.  Propargyl  bromide  was  added  and  irradiated 
for  one  hour  to  see  the  difference  between  the  result 
obtained  here  and  that  from  a  radical  hydrobromination  at 
room  temperature.  The  product  was  analyzed  to  be  94.4%  1,2- 
dibromopropene  and  5.6%  2 , 3-dibromopropene . 

I somerization  of  trans-1 , 2-dibromopropene  in  Ether 

1 , 2-Dibromopropene  recovered  from  hydrobrominations  of 
propargyl  bromide  in  pentane  was  always  77%  trans .  However, 

1 , 2-dibromopropene  recovered  from  radical  hydrobrominations 
of  propargyl  bromide  in  ether  was  always  approximately  68% 
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trans .  Therefore,  this  experiment  was  carried  out  to  determine 
the  composition  of  an  equilibrated  1 , 2-dibromopropene  in  ether 
and  the  rate  of  equilibration. 

trans-1 , 2-Dibromopropene  was  introduced  into  a  solution 
of  hydrogen  bromide  in  ether  at  room  temperature  and  the 
solution  was  irradiated  by  a  sun  lamp.  The  isomerization  was 
slower  than  it  was  in  pentane  but  the  composition  of  the 
equilibrated  mixture  was  the  same  (77.8%  trans) .  From  this 
result,  it  appeared  possible  to  deduce  the  isomer  composition 
of  1 , 2-dibromopropene  at  zero  per  cent  conversion  in  radical 
hydrobromination  in  ether  at  room  temperature. 

Isomer  Composition  of  1 , 2-Dibromopropene  from  Bromoallene 

Bromoallene  was  hydrobrominated  in  ether  solution  under 
illumination  at  room  temperature  to  determine  the  isomer 
composition  of  1 , 2-dibromopropene  at  zero  per  cent  conversion. 
Aliquots  of  the  reaction  mixture  were  removed  at  one  minute 
intervals  and  analyzed  (see  Figure  IV  and  Table  XIII). 

After  2  hours,  the  starting  material  had  disappeared 
completely  and  the  products  were  97.3%  1 , 2-dibromopropene 
(65.1%  trans)  and  2.7%  2 , 3-dibromopropene .  The  isomer  compo¬ 
sition  of  1 , 2-dibromopropene  at  zero  per  cent  conversion 
obtained  by  extrapolation  was  54.5%  trans. 


-41- 


TABLE  XIII 

Isomer  Composition  of  1 , 2-Dibromopropene  in  Radical 
Hydrobromi nation  of  Bromoallene  at  Room  Temperature 


Time,  min. 


%  trans  isomer  in  1 , 2-Dibromopropene 


1 

59.2 

2 

60.7 

3 

A 

61.4 

ft 

5 

62.1 

I somer  Composition  of  1 , 2-Dibromopropene  from  Propargyl  Bromide 
The  same  technique  used  for  bromoallene  was  used  to  yield 
the  results  tabulated  in  Table  XIV  and  Figure  V.  The  isomer 
composition  at  zero  per  cent  conversion  obtained  by  extrapola¬ 
tion  was  75.8%  trans. 


TABLE  XIV 


Isomer  Composition  of  1 , 2-Dibromopropene  in  Radical 
Hydrobromi nation  of  Propargyl  Bromide  at  Room  Temp . 


Time,  min.  %  trans  isomer  in  1 , 2-Dibromopropene 


1 

71.3 

2 

68.5 

3 

67.0 

4 

67.9 

5 

68.3 

80] 
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Reaction  of  Propargyl  Bromide  and  Hydrogen  Bromide  in  Gas  Phase 
The  object  of  this  series  of  experiments  was  to  determine 
the  isomer  composition  of  1 , 2-dibromopropene  obtained  in  the 
gas  phase  hydrobromination  of  propargyl  bromide.  Gas  phase 
reactions  appeared  to  be  very  sensitive  to  presence  of  minute 
amounts  of  impurities.  Propargyl  bromide  used  in  these  reactions 
was  purified  by  distillation  and  degassed  by  alternate  freezing 
and  thawing.  Liquid  nitrogen  was  used  to  freeze  distilled 
propargyl  bromide.  Flasks  (200  ml.)  used  for  the  reaction  were 
cleaned  with  potassium  permanganate  in  concentrated  sulfuric 
acid,  then  soaked  in  approximately  3%  hydrogen  peroxide  solution 
to  remove  any  manganese  dioxide  and  finally  soaked  in  concen¬ 
trated  ammonium  hydroxide  overnight  to  neutralize  acid.  Only 
when  these  precautions  were  taken,  was  it  possible  to  obtain 
meaningful  correlation  of  per  cent  conversion  to  the  1, 2-di¬ 
bromopropene  isomer  ratio.  All  of  the  reactions  seemed  to  have 
an  inhibition  period  of  about  5  minutes.  Results  are  tabulated 
in  Table  XV  and  Figure  VI. 
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TABLE  XV 

Isomer  Composition  of  1 , 2-Dibromopropene  in  Gas  Phase 
Radical  Hydrobromi nation  of  Propargyl  Bromide 


%  Conversion  Partial  Pressures  Isomer  Ratio  of  %  Bromoallene 

HBr  PB  1 , 2-Dibromopropene  in 

(%  trans)  Product 


0.2 

37  mm. 

53  mm. 

57.8 

20.8 

0.4 

33 

50 

60.0 

26.6 

0.9 

34 

49 

68.9 

33.9 

1.8 

34 

49 

78.4 

20.6 

2.6 

34 

49 

78.9 

25.8 
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DISCUSSION 


A  hydrobrominat ion  reaction  of  propargyl  bromide  can 
proceed  by  two  different  mechanisms.  Ionic  hydrobromination 


is  expected  to  produce  2 ,3-dibromopropene . 

©  © 

:=c-< 

©  © 

H2C=C-CH2Br  +  Br  - >H2C=CBr-CH2Br 


•*H2C=C-CH2Br 


1 

2 


Radical  hydrobromination  is  expected  to  produce  1,3-dibromo- 


propene . 


HC^C-CH2Br  +  Br' - *  HBrC=C-CH2Br  3 

HBrC=C-CH2Br  +  HBr - ^HBrC^CH-CH^Br  +  Br*  4 

When  propargyl  bromide  was  hydrobrominated  in  solution 
in  the  presence  of  benzoyl  peroxide  or  under  ultraviolet 
irradiation,  the  product  recovered  was  1 , 2-dibromopropene 
which  was  not  the  expected  product  of  either  a  radical  or 
an  ionic  reaction.  1 , 2-Dibromopropene  was  proven  not  to  be 
the  product  of  an  ionic  reaction  since  a  hydrobromination 
reaction  carried  out  in  the  presence  of  hydroquinone  in 
ether  saturated  with  hydrogen  bromide  gave  rise  to  85.3% 

2 ,3-dibromopropene ,  the  expected  ionic  hydrobromination 
product.  Then  this  reaction  which  produced  1,2-dibromo- 
propene  must  be  a  radical  reaction  since  it  is  initiated 
by  the  presence  of  benzoyl  peroxide,  a  known  radical 
initiator,  and  by  ultraviolet  irradiation  of  the  reaction 
mixture . 

Now  that  it  was  shown  that  1 , 2-dibromopropene  arises 
from  a  radical  pathway,  the  question  was  asked  whether  this 
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abnormal  course  of  addition  was  a  result  of  a  bromine  migra¬ 
tion  in  the  radical  produced  in  the  initial  step  of  the 


expected  radical  addition,  HBrC=C-CH2Br ,  or  some  other  type 
of  rearrangement.  An  experiment  was  carried  out  successfully 
to  show  that  the  initial  attack  of  a  bromine  atom  on  propargyl 


bromide  does  take  place  as  expected  to  give  HBrC=C-CH2Br .  When 
propargyl  bromide  was  hydrobrominated  in  liquid  hydrogen  bro¬ 
mide  at  dry  ice-acetone  bath  temperature,  the  products  of  the 
reaction  at  30%  conversion  were  92.8%  1 , 3-dibromopropene  and 
7.2%  1 , 2-dibromopropene .  It  was  also  observed  that  when  the 
isomer  composition  of  1 , 3-dibromopropene  thus  obtained  was 
plotted  against  conversion,  the  intercept  at  zero  per  cent 
conversion  was  99.2%  cis-1 , 3-dibromopropene .  This  indicated 
that  the  primary  product  of  the  hydrobromination  was  cis-1, 
3-dibromopropene  from  a  stereospecific  trans  addition  of 
hydrogen  bromide  across  the  triple  bond.  This  is  in  agreement 
with  the  result  of  Skell  and  Allen  in  the  radical  hydrobromi¬ 
nation  of  propyne  in  liquid  phase  (31). 

Stereospecific  addition  of  hydrogen  bromide  to  olefins 
and  acetylenes  has  been  explained  by  a  bridged  bromine  rad¬ 
ical.  If  this  type  of  radical  does  exist  in  solution,  it 
seemed  reasonable  that  the  following  might  be  the  mechanism 
for  the  migration  of  bromine  in  the  vinyl  radical  HBrC=C-CH2Br 
formed  at  room  temperature  in  solution. 


HC=C-CH2Br  +  Br* 


■*  H-C=C-CH0Br 

-  '  2 


5 


,  •  < 


H-g=<p-CH2Br 


Br 


6 


'  i 
'  » 

Br 


' 
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Br 

/•',  Hv.  /Br 

J>oc-ch2 - >  #  7 

Br  Br  XCH2 

/Br  /Br 

">C=C\  +  HBr - *  +  Br*  8 

Br  XCH2  Br  XCH3 

The  most  logical  way  for  the  migration  to  take  place  is  to 
have  the  second  bromine  bridge  forming  on  the  back  side  of 
the  first  one.  If  this  is  true,  the  allylic  radical  thus 
produced  will  have  the  two  bromines  trans  to  each  other 
(equation  7).  If  the  allylic  radical  produced  by  the  migra¬ 
tion  of  bromine  in  the  above  scheme  were  configurationally 
stable,  by  necessity,  the  product  obtained  by  this  route 
would  be  trans- 1 , 2-dibromopropene .  It  has  been  shown  by 
Walling  that  allylic  radicals  produced  from  the  2-butenes 
are  configurationally  stable  in  chlorinations  using  t-butyl 
hypochlorite  (90) .  However,  all  attempts  to  prove  that  the 
allylic  radicals  produced  in  the  radical  chlorination  of 
1 , 2-dibromopropene  by  t-butyl  hypochlorite  are  configura¬ 
tionally  stable  proved  to  be  unsuccessful. 

The  isomer  composition  of  1 , 2-dibromopropene  produced 
in  a  radical  hydrobromination  of  propargyl  bromide  at  dry 
ice-acetone  temperature  was  examined.  The  isomer  composition 
of  1 , 2-dibromopropene  varied  from  77.0%  trans  to  77.2%  trans . 
A  control  experiment  showed  that  this  composition  was  not 
the  secondary  result  upon  isomerization.  This  indicated  that 
if  the  allylic  radical  involved  in  equation  7  were  configu¬ 
rationally  stable,  1 , 2-dibromopropene  can  not  be  coming 
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solely  from  a  bio  mine  migration  via  a  bridged  intermediate. 
At  least  23%  of  the  reaction  must  be  going  by  some  other 
route  not  involving  a  bridged  intermediate. 

An  alternate  route  to  1 , 2-dibromopropene  was  found  to 
be  via  bromoallene.  Bromoallene  is  a  structural  isomer  of 
propargyl  bromide  and  was  formed  in  the  radical  hydrobromi- 
nation  of  propargyl  bromide  at  room  temperature  in  pentane 
solution . 


HC=C-CH2Br  +  Br* - *  HBrC=C-CH2Br  9 

HBrC=C-CH2Br - *•  HBrC=C=CH2  +  Br*  10 

HBrC=C=CH2  +  Br' - ^HBrC=CBr-CH2  11 

HBrC=CBr-CH2  +  HBr - *  HBrC=CBr-CH3  +  Br*  12 


As  is  shown  in  the  reaction  profiles,  the  concentration  of 
bromoallene  increases  to  a  maximum  in  the  beginning  of  the 
radical  hydrobromina tion ,  and  decreases  toward  the  end  of 
the  reaction,  although  the  absolute  concentration  of  bromo¬ 
allene  present  is  small  at  all  times.  It  was  also  shown  that 
bromoallene  yielded  essentially  the  same  products  as  propargyl 
bromide  when  hydrobrominated  at  room  temperature  under 
illumination  or  in  presence  of  benzoyl  peroxide. 

The  radical  hydrobromination  of  bromoallene  deserves 
further  comment.  Due  to  the  peculiar  structure  of  bromoallene, 
there  are  four  possible  orbitals  that  can  be  attacked  by  a 
bromine  atom. 


IT. 

Br 


(I) 


H 
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The  product  formed  from  attack  on  orbital  A  by  a  bromine  atom 

is  not  favored; this  may  be  due  to  the  instability  of  the 

resulting  gem-dibromo  compound  and  the  relative  stability  of 

products  formed  from  attack  on  other  orbitals.  By  an  attack 

Br\ 

of  a  bromine  atom  on  orbital  B,  #  C=CH2  (I),  which  be cone  s 

HBrCx 


a  fully  stabilized  allylic  radical 


Br 


H— 


(II) 


or 


Br 


Br— O' 

A 


ch9  (III), 


upon  rotation  of  the  single  bond  between 


C-i  and  C2 ,  is  produced.  The  attack  on  orbital  C  produces  the 

H\  XBr  »^ch2 

same  allylic  radicals  C\  (II)  or  ~Cx 

Br  •  '^CH2  Br  ^Br  (III) 

depending  upon  from  which  side  the  bromine  atom  attacks.  The 

attack  on  orbital  D  produces  a  vinylic  radical 
.  H-.  ^CH2Br 

(IV)  or  ^>C=C  (V)  .  At  room  temperature 

Br  X:H2Br  Br 

95-97%  1 , 2-dibromopropene  is  obtained  on  radical  hydrobromi- 
nation  of  bromoallene.  At  this  temperature,  allylic  radicals 
seem  to  survive  better  than  vinylic  radicals  since  any  IV  and 
V  formed  is  expected  to  lose  a  bromine  atom  rapidly  before 
abstraction  of  hydrogen  atom.  Why  the  abstraction  of  hydrogen 
by  allylic  radicals  II  and  III  takes  place  at  carbon  3  most 
of  the  time  to  give  rise  to  1 , 2-dibromopropene  rather  than 
at  carbon  1  to  give  2 , 3-dibromopropene  is  not  clearly  under¬ 
stood.  The  competition  reaction  between  cyclohexene  and  1- 
bromocyclohexene  showed  that  a  radical  with  no  o(  bromine 
abstracted  a  hydrogen  atom  1.5  times  as  fast  as  the  radical 
with  an  ^bromine.  This  alone  can  not  explain  why  1,2-dibromo- 
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propene  predominates  over  2 ,3-dibromopropene  to  such  a  great 

Br. 

extent.  Perhaps  the  allylic  radical  ^>C-CH9  is  more  like 

CHBr 


Br^ 

Br\ 

;c=ch2  < - 

C — CH 

CHBr 

(VI) 

CHBr 

(VII) 

VII  than  VI  due  to  a  lower  net  dipole  moment. 

At  -78°,  the  situation  is  slightly  different.  At  this 
temperature  in  liquid  hydrogen  bromide  solution  the  less 
stable  vinylic  radicals,  IV  and  V,  are  trapped  before  they 
lose  a  bromine  atom.  Thus,  the  products  obtained  are  75% 

1 ,2-dibromopropene  and  25%  1 ,3-dibromopropene . 

The  isomer  composition  of  1 , 2-dibromopropene  produced 
from  bromoallene  was  51.1%  trans  at  -78°  and  54.5%  trans  at 
room  temperature.  This  indicates  that  if  the  attack  of  a 
bromine  atom  on  orbital  C  takes  place,  it  must  take  place 
equally  often  from  both  sides  of  the  bromoallene  molecule, 
since  1 , 2-dibromopropene  produced  by  the  attack  of  bromine 
atom  on  orbital  B  should  not  have  any  preference  for  one 
isomer  over  the  other.  The  fact  that  bromoallene  gave  rise 
to  1 , 2-dibromopropene  containing  51.1%  trans  isomer  and 
propargyl  bromide  gave  rise  to  1 , 2-dibromopropene  with  77% 
trans  isomer  at  low  temperature  points  to  two  conclusions. 
One,  allylic  radicals  involved  in  this  reaction  must  be 
configurationally  stable,  because  if  the  isomerization  were 
faster  than  hydrogen  abstraction,  one  would  not  expect  the 
isomer  composition  of  1 , 2-dibromopropene  produced  from 
propargyl  bromide  and  bromoallene  to  differ  from  each  other. 
Two,  about  45%  of  1 , 2-dibromopropene  produced  from  propargyl 
bromide  in  radical  hydrobromination  at  -78°  must  be  coming 
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from  bromoallene  which  gives  both  cis  and  trans  isomers. 

The  consideration  of  the  isomer  composition  of  1,2-di- 
bromopropene  led  us  to  believe  that  about  half  of  the  1,2- 
dibromopropene  from  propargyl  bromide  at  low  temperature  was 
being  produced  from  bromoallene.  In  order  to  investigate  the 
importance  of  bromoallene  in  the  hydrobromination  of  propargyl 
bromide  at  room  temperature  the  kinetics  of  the  reactions  at 
room  temperature  were  studied. 

From  the  reaction  profiles  and  the  fact  that  bromoallene 
and  propargyl  bromide  gave  identical  products  in  radical 
hydrobromination  at  room  temperature,  the  following  reaction 
scheme  is  considered  reasonable. 

Initiation  step(s) 

Benzoyl  peroxide  initiation 

initiator - *•  R* 

R*  +  HBr - RH  +  Br* 

Photoinitiation 

HBr - *  +  Br  * 

Chain  propagation  steps 

(A)  Assuming  the  entire  reaction  to  proceed  by 
bromoallene 

HC^C-CH2Br  +  Br*  - *HBrC=C-CH2Br 

HBrC=C-CH0Br - »-  HBrC=C=CH  +  Br* 

^  2 

HBrC=C=CHrt  +  Br* - ►HBrC=CBr-CH9 

2  z 

HBrC=CBr-CH2  +  HBr - >  HBrC=CBr-CH3  +  Br' 

or 

(B)  Assuming  the  entire  reaction  to  proceed  by  migration 

HC=C-CH2Br  +  Br* - ?HBrC=C-CH2Br 

HBrC=C-CH2Br - ?HBrC=CBr-CH2 


, 


' 
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HBrC=CBr-CH2  +  HBr - *  HBrC=CBr-CH3  +  Br* 

If  the  loss  of  bromine  atom  and  the  abstraction  of  a 
hydrogen  atom  are  fast,  and  if  the  chain  propagation  proceeds 
by  scheme  (A)  alone,  the  following  represents  the  rate 
determining  steps. 

kf 

A  +  Br* - ■>  B  +  Br® 

•  k2 

B  +  Br* - C  where  A  =  propargyl  bromide 

B  =  bromoallene 
C  =  products 

Then  the  following  expressions  may  be  written. 


-dW 

=  kx  [a]  [Bri3 

13 

dt 

-d[B] 

dt 

=  k2[B][Br.]  -  kx[A][Br.] 

14 

Dividing  13  by  14 


d[Al  _  kl  M _ 

=  k2[B]  -  kl[A] 


15 


or 


d[B]  k2  [b] 


=  "I 


d[A]  ki[Aj 

This  is  a  linear  first  order  differential  equation  whose 


16 


integrating  factor  is 

e  =  e  =  l_Aj 

Multiplying  16  by  the  integrating  factor  and  integrating 


the  equation, 
k2 


k2 


-  1 


k2 


«  1,1  --M 
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^2 

ki 

ld\A\ 


and 


1  - 


DO 


k2 

k. 


1  - 


k2 

k- 


CaJ 


[B]  =  - 


Ma  ~  k2/kl) 

1  '  k2/kl 


+ 


the  above  equation  is  obtained.  The  constant  of  integration 
can  be  found  by  substituting  [A^l  =  [A]0  and  ObU  =  0. 


C 


(l-kg/k-,^) 

i-k2/k1 


Then , 


-k2/kn 

m  1  cbd 


[A] 


(l-kg/kj) 


1_k2/kl 


+ 


Mo 


(l-k2/k1) 


1_k2/kl 


17 


Rewriting  17,  one  obtains 


M 

l-k2/ki 


k2/kl 

do  laHo 

1-k2/ki 


d-k2/k1) 


18 


The  value  k2/k^  can  be  obtained  by  applying  an  approximation 
of  the  steady  state  approximation  to  equation  14; 


d  CbQ 

dt 


0  and  k2/k^ 


DO  /  Cb3  at  the  maximum  of  the 


curve  CB3  vs.  time. 

The  above  expressions  were  derived  on  the  assumption 
that  all  of  the  propargyl  bromide  goes  to  bromoallene  and 
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k0  \  k-i  .  However,  the  calculated  bromoallene  concentrations 
using  equation  18  did  not  agree  with  observed  bromoallene 
concentrations  (see  Figure  VII).  Then,  it  was  concluded 
that  there  must  be  a  competing  reaction.  Thus,  the  expressions 
were  modified  to  accomodate  this  conclusion.  If 
dCBD 


dt 


=  k2CB3[Brg  -  [XA]f Br3  and  k2/k1  =  X(M/M), 


equation  18  becomes 


[B] 


X 


-ffl 

1_k2/kl 


+  X 


k2/k,  (l-ko/k-,  >, 

Du  x[a]^  2  in 


l-k2/k^ 


19 


where  X  represents  the  fraction  of  reaction  proceeding  through 
bromoallene.  Theoretical  bromoallene  concentrations  were 
calculated  using  various  values  of  X.  Figure  VII  shows 
calculated  bromoallene  concentrations  at  X  =  1,  1/2  and  1/3 
in  relation  to  observed  bromoallene  concentrations  for  the 
Run  152.  Similar  relationships  were  observed  for  Runs  139, 

149  and  143  between  calculated  and  observed  bromoallene 
concentrations.  Tables  XVI  through  XIX  show  best  fits  between 
calculated  and  observed  bromoallene  concentrations  obtained 
using  X  =  1/2  or  1/3  for  Runs  139,  143,  149  and  152. 
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TABLE  XVI  (Run  139) 

Calculated  and  Observed  Bromoallene  Concentration  I 


Time,  min.  %  Bromoallene  found  %  Bromoallene  calculated 


3 

3.9 

4.0 

9 

8.1 

9.0 

14 

10.1 

11 .2 

19 

11.3 

12.4 

24 

11.8 

12.4 

29 

12.0 

12.0 

34 

11.6 

11.9 

39 

11 .2 

11.5 

X  =  1/2, 
A/B  =  3.95 

(HBr)  G  =  0.354  M.  , 

,  k2/k^  =  1.96. 

tPBJo  =  0.354  M. 

TABLE 

XVII  (Run  149) 

Calculated  and  Observed  Bromoallene  Concentration  II 

Time,  min 

.  %  Bromoallene  found  %  Bromoallene  calculated 

2 

3.6 

4.0 

4 

7.0 

6.8 

6 

8.4 

8.7 

8 

10.1 

9.6 

10 

10.3 

9.8 

15 

9.5 

8.8 

20 

7.3 

7.8 

45 

3.7 

3.7 

60 

1.0 

1.0 

X  =  1/3,  (HBr]0  =  0.324  M., 
A/B  =  4.73,  k  /k,  =  1.58. 


[PB]q  =  0.0324  M. 
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TABLE  XVIII  (Run  143) 

Calculated  and  Observed  Bromoallene  Concentrations  III 


Time,  min.  %  Bromoallene  found  %  Bromoallene  calculated 


2 

6.1 

7.6 

6 

11.0 

10.8 

8 

10.9 

10.9 

10 

11.0 

11.0 

20 

10.0 

9.5 

X  =  1/2,  fHBr]  o  =  0.324  M.,  [PB]0  =  0.100  M. 

A/B  =  4.07,  k2/ki  =  2.04. 


TABLE  XIX  (Run  152) 


Calculated  and  Observed  Bromoallene  Concentrations  IV 


Time,  min.  %  Bromoallene  found  %  Bromoallene  calculated 


2 

8.5 

9.0 

4 

10.9 

10.5 

6 

11.5 

11.5 

8 

12.2 

11.9 

10 

11.9 

12.3 

15 

12.7 

12.5 

20 

12.2 

12.3 

25 

12.6 

12.4 

30 

11.5 

10.2 

60 

8.5 

7.9 

X  =  1/2,  [HBr]  =  1.296  M., 
A/B  =  4.0,  k2/kx  =  2.0. 


CPB}0  =  0.032  M. 
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Thus,  from  the  results  obtained  from  the  kinetic  studies 
at  room  temperature,  it  was  concluded  that  1/3  to  1/2  of 
the  reaction  at  room  temperature  was  proceeding  via  bromo- 
allene.  The  fractions  1/3  and  1/2  seem  to  cover  an  indis¬ 
creetly  wide  range  of  variance;  however,  this  difference 
represents  a  variation  in  bromoallene  concentration  of 
approximately  3%  which  is  not  much  more  than  experimental 
error.  Thus,  the  ambiguity  in  the  amount  of  reaction  pro¬ 
ceeding  through  bromoallene  is  due  to  the  fact  that  bromo¬ 
allene  concentration  is  very  low  throughout  the  radical 
hydrobromination  and  also  to  the  fact  that  the  bromoallene 
concentration  goes  through  a  very  broad  maximum. 

The  difference  in  the  amount  of  radical  hydrobromination 
proceeding  through  bromoallene  at  room  temperature  in 
solution  and  at  low  temperature  in  absence  of  a  solvent  is 
very  small.  If  indeed,  there  are  two  different  routes, 
bromoallene  and  bromine  migration,  to  1 , 2-dibromopropene , 
and  if  these  two  routes  have  different  activation  param¬ 
eters,  one  would  expect  this  difference  to  manifest  itself 
in  radical  hydrobrominations  at  different  temperatures. 
Attempts  were  made  to  carry  out  radical  hydrobrominations  in 
solution  at  different  temperatures  but  they  were  not  success¬ 
ful  due  to  experimental  difficulties.  At  dry  ice-acetone 
bath  temperature,  a  solution  of  anhydrous  hydrogen  bromide 
in  anhydrous  pentane  became  turbid  as  soon  as  propargyl 
bromide  was  added.  It  is  suspected  that  this  turbidity  is 
due  to  a  peculiarity  of  a  ternary  system,  since  it  was  shown 
that  the  turbidity  was  not  due  to  presence  of  water.  A 
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similar  phenomenon  was  found  in  other  ternary  systems;  for 

example,  the  system  containing  vinyl  acetate,  acetic  acid 
and  water  (91).  When  an  attempt  was  made  to  utilize  diethyl 
ether,  it  was  discovered  that  at  dry  ice-acetone  bath  temp¬ 
erature,  hydrogen  bromide  and  diethyl  ether  formed  a  heter¬ 
ogeneous  mixture,  probably  due  to  a  complex  of  hydrogen 
bromide  and  diethyl  ether  freezing  out.  At  -20°,  however, 
it  was  possible  to  carry  out  the  radical  hydrobromination 
in  diethyl  ether.  But  the  product  from  the  reaction  was 
94.4%  1 , 2-dibromopropene  and  5.6%  2 , 3-dibromopropene . 

It  was  suspected  that  a  rapid  cage  recombination  might 
be  the  competing  reaction  rather  than  a  migration  via  a 
bridged  intermediate.  In  order  to  clarify  this  point,  a  series 
of  gas  phase  reactions  was  carried  out.  The  study  of  the 
radical  hydrobromination  of  propargyl  bromide  in  gas  phase 
revealed  that  at  zero  per  cent  conversion,  the  isomer  compo¬ 
sition  of  1 , 2-dibromopropene  was  54%  trans.  Gas  phase  radical 
halogenations  of  olefins  are  known  to  be  accelerated  by  the 
presence  of  a  liquid  phase  and  take  place  on  the  surface  of 
the  liquid  phase  (61,  62,  63,  64,  65,  66,  67,  68).  A  slight 
haze  (which  may  have  been  a  liquid  film)  on  the  wall  of  the 
flask  was  observed  during  the  gas  phase  reaction;  however, 
when  the  plot  of  isomer  composition  vs.  conversion  is  extra¬ 
polated  to  zero  per  cent  conversion,  the  intercept  should 
represent  the  isomer  composition  before  the  film  is  formed. 
Therefore,  the  isomer  composition  of  54%  trans  in  1, 2-dibro¬ 


mopropene  was  interpreted  to  represent  the  isomer  composition 
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in  gas  phase  reaction.  This  isomer  composition  is  almost 
identical  with  that  obtained  from  the  hydrobromination  of 
bromoallene  at  room  temperature  in  solution.  It  was  also 
noticed  that  larger  proportions  of  bromoallene  were  present 
in  the  gas  phase  reaction. 

If  some  of  the  1 , 2-dibromopropene  produced  in  the  radi¬ 
cal  hydrobromination  of  propargyl  bromide  in  solution  at 
room  temperature  comes  from  a  bromine  atom  migration,  one 
would  expect  some  of  this  type  of  reaction  to  take  place  in 
the  gas  phase  also.  Also,  it  was  shown  that  the  approximate 

9 

rates  for  collisions  of  HBrC— CBr^lCH2  (R*)  and  hydrogen 
bromide  having  sufficient  energy  to  react  are  of  the  same 
order  of  magnitude  for  the  gas  phase  and  the  ether  solution 
reactions  at  room  temperature  (see  Appendix) .  Since  the 
collision  rates  are  of  similar  magnitude,  one  can  not  at¬ 
tribute  the  striking  difference  in  the  isomer  composition 
between  liquid  and  gas  phase  reactions  to  isomerization  of 
R*  prior  to  abstraction  of  hydrogen  atom.  One  can  also  ex¬ 
clude  the  possibility  of  the  following  reaction  taking  place. 

HC=C-CH2Br  +  Br* - *  HBrC=C-CH2Br  20 

*  __  •_ 

HBrC=C-CH2Br - >  HBrC-CBr— CH2  21 

HBrCLXBrZCH2  - >  HBrC=C=CH2  +  Br#  22 

Evidence  to  show  that  the  transformation  described  in  equation 
22  is  not  significant  in  solution  is  available  in  the  photo¬ 
chlorination  of  1 , 2-dibromopropene  by  jt-butyl  hypochlorite. 
This  reaction  is  supposed  to  proceed  through  R#  but  no  brono  - 
allene  was  detected  in  the  reaction  mixture  by  g.l.c.  Since 
the  lifetime  of  R®  is  shown  to  be  similar  in  gas  phase  and 
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in  solution,  one  has  no  reason  to  believe  the  transformation 
to  be  more  significant  in  gas  phase  than  in  solution. 

It  seems  that  all  of  the  radical  hydrobromination  of 
propargyl  bromide  in  the  gas  phase  is  proceeding  by  bromoallene, 
since  the  isomer  composition  of  1 , 2-dibromopropene  produced 
is  identical  with  that  from  bromoallene  in  solution.  In  addition, 
the  maximum  bromoallene  concentration  found  in  the  gas  phase 
is  higher  than  that  observed  in  solution,  as  would  be  expected. 

If  this  is  true,  the  only  logical  way  to  explain  the  result 
of  the  kinetic  study  of  reactions  carried  out  in  solution  at 
room  temperature  is  by  a  cage  reaction.  The  kinetic  study  of 
the  radical  hydrobromination  of  propargyl  bromide  in  ether 
solution  indicated  that  1/3  to  1/2  of  the  reaction  was  pro¬ 
ceeding  through  bromoallene.  This  does  not  necessarily  ex¬ 
clude  the  possibility  that  the  entire  reaction  may  be  pro¬ 
ceeding  through  bromoallene  since  the  kinetic  study  is  based 

only  upon  free  bromoallene  observed.  If  bromoallene  is  rapidly 

« 

recombining  with  a  bromine  atom  lost  from  HBrC=C-CH2Br  in  a 
solvent  cage,  one  would  not  observe  free  bromoallene  in  reaction 
mixtures . 

At  the  same  time,  one  has  no  reason  to  expect  the  same 
isomer  composition  in  1 , 2-dibromopropene  produced  from  the 
recombination  in  a  solvent  cage  as  in  reaction  outside  the 
cage.  The  isomer  composition  of  1, 2-dibromopropene  produced 
by  the  primary  recombinations  of  bromoallene  and  bromine  atoms 
was  found  to  be  75.8%  trans .  This  was  measured  by  extrapolat¬ 
ing  the  plot  of  isomer  composition  of  1 , 2-dibromopropene  vs. 
time  to  zero  time  in  the  radical  hydrobromination  of  propargyl 
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bromide  in  ether  solution  at  room  temperature.  This  result 
can  be  explained  by  two  mechanisms.  One,  this  may  mean  that 
the  bromine  radical  is  leaving  from  the  same  side  as  the  lone 
electron  initially  is  located  75.8%  of  the  time  (equation  22), 
and  the  bromine  radical  is  leaving  from  the  other  side  24.2% 
of  the  time  (equation  23) .  This  possibility  was  excluded 
when  it  was  shown  using  Fisher-Hirschf elder-Taylor  Atom  Models 
that  it  was  impossible  for  the  leaving  bromine  to  achieve  co¬ 
planarity  with  the  p  orbital  carrying  the  electron  in  equation 
23  due  to  steric  hindrance.  Then,  it  must  mean  that  the 


22 


23 


v 


bromine  is  leaving  trans  to  the  bromine  on  carbon  1  by  the 
way  depicted  in  equation  22  and  the  recombination  is  taking 
place  on  either  the  B  or  C  orbital  upon  slight  rotation  of 
the  bromoallene  molecule.  Recombination  with  orbital  C  gives 
the  intermediate  VIII  and  recombination  with  orbital  B  gives 
intermediate  IX  which  could  give  rise  to  the  allylic  radicals 
VIII  and  X.  The  recombination  at  orbital  C  from  the  opposite 
side  to  the  bromine  on  carbon  1  should  give  only  VIII  while 
the  recombination  at  orbital  B  may  give  a  50:50  mixture  of 
VIII  and  X.  VIII  and  X  upon  abstraction  of  hydrogens  give 
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trans-  and  cis-1 , 2-dibromopropene  respectively.  Thus  from  the 
isomer  composition  of  1 , 2-dibromopropene ,  it  appears  that 
half  of  the  bromine  atoms  lost  is  recombining  with  orbital  C 
prior  to  rotation  of  the  molecule  and  the  other  half  is  re¬ 
combining  with  orbital  B  after  rotation  of  the  molecule. 


C_</Br 

H\  •  /^CH2 

h\c-c/CH2 

C  —  U  - 

X?H2 

-  u 

Br  xBr 

Br^  ^Br 

(VIII) 

(IX) 

(X) 

In  view  of  the  above  observations,  one  can  suggest  the 

following  mechanism  for  the  radical  hydrobromination  of 

propargyl  bromide  in  solution  at  room  temperature. 

Br*  ,  _ cage _ 

HC=C-CH  Br - >  - *  HBrC=OCH9  +  Br* 

2  Br  ^CH2Br  2 


24.2% 


CH 

H'-.  /  Br 

+ 

/ 
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u 
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Br 

Br  CH 

75.8%  *  ' 

HBrC=C=CH2  +  Br* 


H- 


/CH  H 

HBrC=C=CH  +  Br* - >  ^  C=C^  +  ^C=C 

2  B^ 


^  Br  Br 

46%  54% 


Br 

CH 


H\  ^CH2  HBr  H 


.C-CC  +  ^-C=C' 

Br  xBr  Br  XCH, 


/CH.  H\  /Br 

>  Jrc-cT  + 

Br  xBr  Br  XCH, 


+  Br* 
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Recently,  a  chlorination  reaction  in  which  the  interme¬ 
diate  radical  loses  a  bromine  radical  to  form  an  olefin  was 
reported  (48).  In  1961,  Skell,  Allen  and  Gilmour  found  that 
upon  radical  chlorination  using  t_-butyl  hypochlorite,  both 
_t-butyl  bromide  and  l-bromo-2-methylpropane  gave  the  same 
product,  l-bromo-2-chloro-2-me thyl  propane  (47).  The  authors 
explained  the  results  obtained  from  t-butyl  bromide  by  pos¬ 
tulating  a  bromine  bridged  radical.  However,  Haag  and  Heiba 
found  that  in  a  radical  chlorination  of  jt-butyl  bromide  by 
t-butyl  hypochlorite,  isobutylene  is  formed  along  with  free 
bromine  (48) . 


CH, 


jt-butyl  hypochlorite 

(CH3)3  CBr - *  CH3-C-CH, 

light 


Br 


CH 


ch3-c-ch2- 


Br 


->  ^>>CH9  +  Br 

ch3^ 

CHq 


CH. 


ch; 


:C=CH2  +  Br* - >  CH3-C-CH2Br 


CH, 


CHo-C-CH  Br 

•  2 


CH. 


t-butyl  hypochlorite 


->  CH3-C-CH2Br 


T 
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The  authors  were  able  to  trap  bromine  lost  from  the  inter¬ 
mediate  radical  using  allene  and  successfully  capture  42% 
of  total  bromine.  The  authors  feel  that  this  number  repre¬ 
sents  the  minimum  amount  of  isobutylene  formation,  since 
cage  recombination  is  expected  to  take  place  very  rapidly 
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between  isobutylene  and  a  bromine  atom.  The  authors  also 
calculated  that  the  loss  of  a  bromine  atom  from  the  primary 
radical  is  exothermic  to  the  extent  of  5  kcal/mole.  An  anal¬ 
ogy  may  be  drawn  between  loss  of  a  bromine  atom  from  a  pri¬ 
mary  radical  and  from  a  vinylic  radical  since  neither  is 
expected  to  be  particularly  stable. 

The  cage  effect,  first  proposed  by  Frank  and  Rabinowitch 
(69)  has  been  extensively  investigated.  However,  most  of  the 
work  has  been  limited  to  the  study  of  recombinations  of  two 
radicals  in  a  cage  (70,  71,  72,  73,  74,  75),  rather  than  of 
recombinations  of  a  radical  and  a  molecule.  An  example  of  a 
cage  recombination  of  reactive  species  such  as  a  bromine 
atom  and  bromoallene  has  not  been  investigated,  although  it 
has  been  suggested  (48) .  In  the  case  of  azobisisobutyro- 
nitrile  (AIBN),  it  has  been  found  that  the  efficiencies  of 
radical  production  are  0.44  in  carbon  tetrachloride  and 
0.6-0. 7  in  various  aromatic  solvents  indicating  more  eff¬ 
icient  cage  recombination  in  heavier  solvents  (70) .  In  the 
case  of  iodine,  the  quantum  yield  in  photodissociation 
changed  to  0.14  in  carbon  tetrachloride  from  0.66  in  hexane  (75). 

According  to  the  kinetic  studies,  50-67%  of  bromo¬ 
allene  produced  never  escapes  from  the  solvent  cage  in 
ether.  Compared  to  the  results  reported  for  AIBN,  the 
amount  of  cage  recombination  in  the  radical  hydrobromination 
of  propargyl  bromide  is  more  than  expected.  This  may  be 
due  partially  to  the  fact  that  in  AIBN  decomposition  the 
radicals  produced  are  separated  by  a  nitrogen  molecule, 
while  no  molecular  species  is  present  between  bromine  atom 
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and  bromoal lene .  This  makes  the  recombination  during  the 
encounter  more  probable.  Also,  one  would  expect  the  recombi¬ 
nation  step  to  be  at  least  as  exothermic  as  the  following 
reaction.  This  reaction  is  reported  to  be  exothermic  to  the 

Br#  +  H2C=CH2 - *  BrH2C-CH2  24 

extent  of  5  kcal/mole  (76)  .  The  recombination  of  bromine 
atom  and  bromoallene  intially  produces  the  allylic  radical 
which  is  not  stabilized  due  to  the  peculiar  geometry  of  bro¬ 
moallene.  However,  unlike  the  radical  produced  in  equation 
24,  the  radical  from  bromoallene  should  become  stabilized 
very  rapidly  by  rotation  of  C2-C3  bond  making  the  overall 
reaction  more  exothermic  than  5  kcal/mole.  Thus  it  is  not 
unreasonable  to  observe  50-67%  cage  recombination. 

Thus  it  is  shown  that  propargyl  bromide  gives  rise  to 
1 , 2-dibromopropene  by  a  1,2-bromine  shift  in  the  radical 
hydrobromination  at  room  temperature  in  solution  and  in  the 
gas  phase.  The  shift  of  bromine  is  best  explained  by  a  mech¬ 
anism  involving  loss  of  a  bromine  atom  giving  rise  to  bromo¬ 
allene  which  is  hydrobrominated  in  and  outside  the  solvent 
cage  in  which  it  was  formed.  In  view  of  the  findings  it  is 
quite  possible  that  the  radical  chlorination  of  ^t-butyl 
bromide  reported  by  Skell  and  co-workers  (47)  proceeds 
entirely  by  loss  of  a  bromine  atom  to  produce  isobutylene 
followed  by  rapid  cage  recombination  and  also  by  the  reac¬ 
tion  of  isobutylene  outside  the  cage.  If  this  is  true,  the 
fact  that  42%  of  the  bromine  was  captured  indicates  that 
58%  of  isobutylene  formed  recombines  in  the  cage.  This  pro- 
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portion  of  the  cage  recombination  is  in  good  agreement  with 
that  found  in  this  thesis. 

The  pho tobromination  of  cis-1- t-butyl-4-bromo cyclohexane 
investigated  by  Skell  and  Readio  (53)  may  find  an  alternate 
explanation.  The  authors  explained  a  clean  stereospecific 
pho tobromination  of  cis-1- t-butyl-4-bromocyclohexane  by  a 
bridged  radical  intermediate  since  the  trans  isomer  gave 
a  complex  mixture  in  contrast  to  the  cis  isomer. 


>90  % 


Br 


This  may  also  be  explained  by  loss  of  a  bromine  atom  followed 
by  a  rapid  trans  addition  of  a  bromine  molecule.  This  alter¬ 
nate  mechanism  can  explain  the  result  from  the  trans  isomer 
since  in  the  trans  isomer  bromine  never  becomes  coplanar  with 
the  orbital  carrying  an  electron. 

Similarly,  the  results  of  Griesbaum,  Oswald  and  Hall  (60) 
on  radical  hydrobrominations  of  allene  can  be  explained 
differently  based  on  the  results  reported  in  this  thesis  on 
radical  hydrobromination  of  bromoallene.  Griesbaum  and  co¬ 
workers  found  that  allene  gave  rise  to  2-bromopropene  in  gas 
phase  and  in  solution  at  room  temperature  upon  radical 
hydrobromination;  however,  at  -78°  in  solution,  allene  gave 
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rise  to  a  mixture  of  2-bromopropene  and  1-bromopropene  upon 
radical  hydrobromination .  The  authors  explained  the  formation 
of  2-bromopropene  by  a  bromine  migration  via  a  bridged  inter¬ 
mediate  . 

H2C=C=CH2  +  Br*  - *  BrH2C-C=CH2  25 

Br 

•  \ 
i  . 

*  /  * ' 

BrH2C-C=CH2 - - >  H2C-C=CH2  26 

Br  Br 

/  *  I 

H2C-C=CH2  - >  H2C-C-CH2  27 

However,  according  to  the  results  reported  in  this  thesis,  a 
vinylic  radical,  such  as  that  formed  in  equation  25  should 
lose  a  bromine  atom  readily  at  room  temperature.  The  result 
obtained  by  Griesbaum  and  co-workers  are  perhaps  better 
explained  by  postulating  an  extended  lifetime  of  the  less 
stable  vinylic  radical  at  low  temperature . 
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EXPERIMENTAL 


Physical  Measurements 

All  boiling  points  and  melting  points  reported  are  un¬ 
corrected  values.  Melting  points  were  taken  on  a  Hershberg 
type  melting  point  apparatus. 

Infrared  spectra  were  recorded  on  a  Perkin  Elmer  Re¬ 
cording  Infrared  Spectrophotometer,  Model  421. 

Nuclear  magnetic  resonance  spectra  were  recorded  on  a 
Varian  Analytical  Spectrophotometer,  Model  A-60. 

For  gas  liquid  partition  chromatography,  an  Aerograph 
202  fractometer  with  a  Honeywell  recorder  was  used  for  most 
of  the  experiments.  This  instrument  was  equipped  with  a 
9.5  ft.  x  1/4  inch  stainless  steel  tubing  packed  with  water 
soluble  Ucon  oil  on  Chromosorb  (prepared  by  F&M  Scientific) . 
For  earlier  chromatographic  work,  a  Perkin  Elmer  Model  154D 
Vapor  Fractometer  with  column  U  (6  ft.  x  1/4  inch,  Ucon  oil 
550)  was  used.  For  the  preparative  gas  chromatography,  an 
Aerograph  Autoprep  was  used.  A  20  ft.  x  3/8  inch  stainless 
steel  column  packed  with  10%  Ucon-50-HB280X  on  Diatoport 
W.A.W.  60-80  mesh  (prepared  by  F&M  Scientific)  was  used. 

Indices  of  refraction  were  measured  with  a  Bausch  and 
Lomb  Abbe-3L  Ref ractometer  thermostated  at  25°. 

Solvents 

Pentane 

A  500  ml.  portion  of  technical  grade  pentane  was  shaken 
with  50  ml.  portions  of  concentrated  sulfuric  acid  until  the 
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sulfuric  acid  layer  was  colorless  and  was  then  shaken  twice 
with  100  ml.  portions  of  water.  The  pentane  was  dried  with 
anhydrous  magnesium  sulfate  and  distilled  using  a  40  cm. 
Vigreaux  column. 
n-Heptane 

This  solvent  was  purified  in  the  manner  described  above. 
Diethyl  Ether 

Mallinckrodt ’ s  anhydrous  ether  was  used  without  further 
purification  unless  otherwise  noted.  In  some  cases,  this 
ether  was  simply  distilled  away  from  the  preservatives.  All 
pho toini tiated  hydrobrominations  were  carried  out  in  distilled 
ether  which  had  been  stored  over  sodium  wire.  Kinetic  studies 
were  carried  out  in  the  ether  which  had  been  hydrobrominated 
under  irradiation  to  remove  impurities  which  reacted  with 
hydrogen  bromide.  The  ether  from  this  treatment  was  washed 
with  saturated  salt  solution  until  the  water  layer  was 
neutral,  dried  over  anhydrous  magnesium  sulfate,  distilled 
and  stored  over  sodium  wire.  A  radical  hydrobromination  of 
propargyl  bromide  failed  to  take  place  in  Mai linckrodt ’ s 
anhydrous  ether  lot  no.  TPMNQA.  The  reason  for  this  is  not 
known . 

Chloroform 

Mallinckrodt ' s  analytical  reagent  grade  chloroform  was 
used  without  further  purification. 

Hydrobromic  Acid  in  Acetic  Acid 

Eastman  Chemical's  saturated  solution  of  hydrogen  bromide 
in  glacial  acetic  acid  (30%)  was  used  without  further  puri- 
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f ication . 

Methanol 

Shawinigan  reagent  grade  methanol  was  used  without 
further  purification.  Absolute  methanol  was  kindly  donated 
by  J.  Grover. 

Methylene  Chloride 

Fisher  Certified  Reagent  grade  methylene  chloride  was 
used  without  further  purification. 

Carbon  Tetrachloride 

Shawinigan  reagent  grade  carbon  tetrachloride  was  used 
without  further  purification. 

Reagents 

Benzoyl  Peroxide 

About  3.0  g.  (0.012  mole)  B.D.H.  benzoyl  peroxide 
containing  30%  water  was  dissolved  in  20  ml.  chloroform;  the 
solution  was  dried  with  anhydrous  magnesium  sulfate  and 
filtered.  An  equal  volume  of  absolute  methanol  was  added 
and  the  solution  was  allowed  to  stand  overnight  in  a  refrig¬ 
erator.  Anhydrous  benzoyl  peroxide  crystallized  in  large 
needles.  The  crystals  were  collected,  dried  in  a  vacuum 
desicator  for  one  hour  and  stored  in  refrigerator. 

Propargyl  Bromide 

This  compound  was  prepared  in  50.6-66.0%  yield  (based 

on  propargyl  alcohol)  by  the  method  described  by  Jacobs  (55). 

B.p.  79°  (695  mm.),  n^5  1.4906.  (Reported  b.p.  88-90°,  35° 

19 

at  130  mm.,  nD  1.4942  (92)).  Infrared  (neat):  3300,  3010, 
2110,  1415,  1205,  955  cm-1;  n.m.r.  (neat):  6  .Otr  (d)  ,  7.3^ 

(t) ,  J  =  2.8  c.p.s. , 

2:1)  . 


the  ratio  of  the  areas  2:1  (calculated 
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Styrene 

A  100  ml.  portion  of  styrene  (Eastman,  stabilized  with 
t;-buty lpyrocatechol )  was  shaken  with  two  20  ml.  portions  of 
5%  sodium  hydroxide  and  with  a  20  ml.  portion  of  water.  It  was 
then  dried  with  anhydrous  magnesium  sulfate  and  distilled  at 
17  mm.  The  fraction  boiling  at  43-4°  was  collected  and  kept 
in  refrigerator. 

Cuprous  Bromide 

This  compound  was  prepared  by  the  method  described  by 
" Inorganic  Synthesis”  (77). 

Bromoallene 

This  compound  was  prepared  by  the  method  described  by 
Jacobs  with  slight  modifications  (55).  A  29.0  g.  (0.244  mole) 
portion  of  propargyl  bromide  was  heated  and  stirred  magneti¬ 
cally  with  2.5  g.  dry  cuprous  bromide.  A  mixture  of  bromo¬ 
allene  and  propargyl  bromide  was  distilled  very  slowly 
through  a  column  23  cm.  x  1  cm.  packed  with  glass  helices 
keeping  the  head  temperature  below  70°.  The  mixture  thus 
obtained  contained  about  50%  bromoallene  which  was  separated 
from  propargyl  bromide  using  an  Aerograph  Autoprep  equipped 
with  a  Ucon  oil  column  at  100°.  Infrared  (neat):  3060,  1945, 
1414,  1300,  1200,  990,  860,  800,  670  cm  ^ ;  n.m.r.  (neat): 

4 .  l-£  (t),  5.T£  (d)  ,  J  =  6.1  c.p.s.,  ratio  of  the  areas  1:2.06 

25  n 

(calculated  ratio  1:2).  n^  1.5182.  (Reported  b.p.  75  , 

n^°  1.5200  (55)) . 

Hydroquinone 

Mallinckrodt  pho topurif ied  grade  hydroquinone  was  used 
without  further  purification. 
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Hydrogen  Bromide 

Anhydrous  hydrogen  bromide  from  a  Matheson  cylinder  was 
used  without  further  purification. 

1 . 2- Dibromopropene 

This  compound  was  prepared  by  allowing  38.6  g.  (0.965 
mole)  methyl  acetylene  in  50  ml.  methylene  chloride  to  react 
with  80.0  g.  (0.5  mole)  bromine  at  dry  ice-acetone  bath 
temperature.  The  yield  was  72.3  g.,  72.3%  of  the  theoretical 
yield.  The  product  was  analyzed  by  g.l.c.  to  be  99.0%  trans- 

1 .2- dibromopropene ,  b.p.  124-5°  at  688  mm.,  n^5  1.5323. 
(Reported  b.p.  125.95°,  n*7'4  1.5369  (78)).  Infrared  (CC14): 
3000,  2960,  2920,  1740,  1430,  1375,  1241,  1229,  1070,  975, 

710,  638  cm  4;  n.m.r.  (neat):  3.58'D  (m)  ,  7 . 67f  (d)  ,  J  =  1.1 
c.p.s.,  ratio  of  the  areas  3.01:1  (calculated  3:1). 

cis-1 , 2-Dibromopropene  was  prepared  by  isomerizing  trans- 

1 . 2- dibromopropene  in  the  presence  of  hydrogen  bromide.  A  200 
ml.  three-necked  flask  wascharged  with  30.0  g.  (0.15  mole) 
trans-1 , 2-dibromopropene  and  100  ml.  ether.  A  small  amount 
of  hydrogen  bromide  was  bubbled  through  the  solution  and  the 
solution  was  irradiated  with  a  sun  lamp  for  one  hr.  while 
stirring.  Then  the  solution  was  washed  with  water,  dried 
over  anhydrous  magnesium  sulfate  and  distilled.  The  fraction 
boiling  at  45°  at  18.5  mm.  was  collected.  This  fraction 
contained  77%  trans  and  23%  cis  isomer.  The  cis  isomer  was 
separated  from  the  trans  isomer  by  injecting  about  0.2  ml. 
portions  of  the  equilibrated  mixture  into  an  Aerograph  202 
fractometer  at  100°  and  collecting  fractions  in  a  receiver 
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in  a  dry  ice-acetone  bath.  Pure  cis  isomer  boiled  at  133-4° 
at  688  mm.,  n^5  1.5290.  (Reported  b.p.  135.2°,  n*7,4  1.5337 
(78)).  Infrared  (CC14) :  3100,  3065,  2980,  2960,  2920,  1615, 
1435,  1420,  1377,  1230,  1085,  1070,  1010,  710,  640  cm-1;  n.m.  r. 
(neat):  3.91^  (m) ,  7.66^  (d) ,  J  =  1.1  c.p.s., ratio  of  the 
areas  3:1  (calculated  3:1). 
t-Butyl  Hypochlorite 

The  method  described  in  Organic  Synthesis  was  used  to 

prepare  this  compound  (79)  .  The  final  product  boiled  at 

o  25  „  o 

76.5-77.5  at  702  mm.,  n^  1.408.  (Reported  b.p.  77-78  , 

20 

n^°  1.403  (79))  . 

Propargyl  Chloride 

To  112.0  g.  (2  mole)  2-propyn-l-ol  (Eastman)  and  30.0  g. 

(0.2  mole)  pyridine  (Eastman),  110.0  g.  (0.8  mole)  phosphorous 

trichloride  (B.D.H.)  was  added  over  a  period  of  2.5  hr.  The 

resulting  mixture  was  stirred  overnight  and  then  poured  into 

approximately  500  ml.  of  an  ice-water  mixture.  The  organic 

layer  was  washed  with  water  and  with  saturated  salt  solution, 

dried  with  anhydrous  magnesium  sulfate  and  distilled.  The 

fraction  boiling  at  54.5-55.0°  was  collected  to  yield  27.0 

25 

g.  (18.3%)  propargyl  chloride.  n^  1.4325.  (Reported  b.p. 

65°,  n^0  1.4320  (80)).  Infrared  (CC14) :  3320,  2960,  2140, 

1460,  1265,  960,  720,  650  cm  ^ ;  n.m.r.  (neat):  5 . 8"£  (d)  ,  7.35^ 
(t),  J  =  2.9  c.p.s.,  ratio  of  the  areas  2:1  (calculated  2:1). 

1 , 2-Dibromo-3-chloropropene 

To  a  solution  of  18.6  g.  (0.25  mole)  propargyl  chloride 
in  50  ml.  methylene  chloride,  40.0  g.  (0.25  mole)  bromine  in 
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50  ml.  methylene  chloride  was  added  over  1.4  hr.  while  cooling 
with  an  ice  bath.  The  mixture  was  stirred  for  10  min.  after 
the  addition  of  bromine  was  completed  and  the  solvent  was 
removed  on  a  steam  bath.  The  organic  products  were  distilled 
under  diminished  pressure  using  a  small  Vigreaux  column. 
Fractions  boiling  at  72.0-74.0°  at  13.3  mm.  and  74.0-75.0°  at 
13.3  mm.  were  collected  and  combined.  The  n.m.r.  spectrum 
showed  signals  at  2.75£,  a  triplet  with  J  =  1.0  c.p.s., 

3.19-^,  a  singlet,  5.49^,  a  singlet  and  5.59Z,  a  doublet  with 
J  =  1.0  c.p.s.  The  signals  at  2.752:  and  5. 59^  were  interpreted 
to  be  due  to  the  isomer  in  which  two  bromine  atoms  are  located 
trans  to  each  other.  This  assignment  is  based  on  the  coupling 
constant  alone.  A  statement  by  Dyer  (54)  and  the  fact  that 
Whipple,  Goldstein  and  McClure  found  the  coupling  constant 
of  vinylic  and  allylic  protons  located  trans  to  each  other 
to  be  1.1  c.p.s.  in  2 , 3-dibromopropene  support  this  assign¬ 
ment  (57).  The  yield  of  this  mixture  which  was  analyzed  to 
be  35.7%  cis  isomer  by  n.m.r.  was  46.2  g.  (75.8%  yield), 

O  R 

nD  1.5681,  72%  trans  and  28%  cis  mixture.  Infrared  (CCl^): 
3090,  3060,  2960,  1604,  1430,  1280,  1270,  1250,  1180,  1092, 
1050,  1035,  930,  710  cm-1. 

1-Bromocyclohexene 

The  first  method  of  preparation  employed  was  a  dehydro- 
bromination  of  dibromocyclohexane .  A  solution  of  5.0  g. 

(0.1  mole)  potassium  hydroxide  (Fisher  Certified  Reagent 
grade)  in  14.0  g.  ethanol  was  prepared  by  refluxing  the 
ethanol-potassium  hydroxide  mixture  overnight.  The  above 
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solution  was  mixed  with  12,0  g.  (0.05  mole)  dibromocyclohexane 
(Eastmen)  and  the  mixture  was  refluxed  for  1.5  hr.  Potassium 
bromide  which  is  produced  in  the  reaction  had  to  be  removed 
by  filtration  during  the  reaction  to  prevent  severe  bumping. 
The  product  was  analyzed  to  contain  15.0%  1-bromocyclohexene 
and  85.0%  3-bromocyclohexene .  This  method  was  discarded  due 
to  the  formation  of  a  mixture. 

The  second  method  employed  is  the  method  described  by 

Stevens  and  Valicenti  (81).  The  product  had  b.p.  61.0°  at 

25  o 

21.6  mm.,  n^  1.5111.  (Reported  b.p.  63.1-63.4  at  24  mm., 

25 

nj)  1.5117  (81)).  The  n.m.r.  exhibited  complex  multiplets 
centered  around  4.0t:,  7.62t,  7.937;,  and  8.32/£ .  The  ratio  of 
the  areas  of  the  signals  was  1:2.05:2.05:4.  (calculated 
1 :  2 :  2 :  4  )  . 

Product  Analysis 

For  analytical  purposes,  a  Perkin  Elmer  Model  154D  Vapor 
Fractometer  or  an  Aerograph  Model  202  fractometer  was  used 
at  temperatures  between  120-150°.  Both  instruments  produced 
gas  liquid  chromatograms  (g.l.c.)  showing  the  same  relative 
position  of  peaks.  The  order  of  elution  was  bromoallene, 
propargyl  bromide,  trans-1 , 2-dibromopropene ,  cis-1 , 2-dibromo- 
propene,  2 , 3-dibromopropene ,  cis-1 , 3-dibromopropene  and 
trans-1 , 3-dibromopropene .  The  relative  retention  times  at 
120°  in  an  Aerograph  202  fractometer  on  a  column  packed  with 
water  soluble  Ucon  oil  on  Chromosorb  were  bromoallene  1: 
propargyl  bromide  1.28:  trans-1 , 2-dibromopropene  2.32:  cis- 


1 , 2-dibromopropene  3.61:  2 , 3-dibromopropene  4.04:  cis-1 ,3- 
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dibromopropene  5.25:  and  trans-1 , 3-dibromopropene  6.86. 

The  relative  concentrations  in  mole  per  cent  were  cal¬ 
culated  by  using  the  peak  areas  measured  by  multiplying  the 
peak  height  by  its  width  at  half  height.  The  mean  deviation 
using  this  method  was  2.6%. 

When  an  internal  standard  was  used,  it  was  incorporated 
in  the  reaction  mixture  and  the  ratios  of  the  areas  of  the 
internal  standard  to  that  of  reactants  and  products  were 
compared  before  and  after  the  reaction.  The  ratio  did  not 
vary  more  than  2%. 

Product  Identification 

A  250  ml.  three-necked  flask  equipped  with  a  gas  inlet 
tube,  a  dry  ice-acetone  condenser,  and  a  magnetic  stirrer 
was  charged  with  150  ml.  pentane,  30.0  g.  (0.25  mole)  propar- 
gyl  bromide-bromoallene  mixture  and  1.0  g.  benzoyl  peroxide. 
Anhydrous  hydrogen  bromide  gas  was  bubbled  through  the  reaction 
mixture  for  two  hr.  The  pentane  solution  was  washed  three 
times  with  ice  water,  twice  with  5%  sodium  bicarbonate  solution 
and  was  dried  over  anhydrous  magnesium  sulfate.  G.l.c. 
indicated  the  presence  of  five  products. 

A  total  of  six  dibromo  products  may  be  obtained  from  a 
radical  hydrobrominat ion  of  propargyl  bromide-bromoallene 
mixture.  They  are  cis-  and  trans-1 , 2-dibromopropene ,  2,3- 
dibromopropene ,  cis-  and  trans-1 , 3-dibromopropene  and  3,3- 
dibromopropene .  The  possibility  of  obtaining  tribromopropanes 
was  excluded  since  there  was  no  product  with  retention  time 
comparable  to  authentic  1 , 2 ,3-tribromopropane . 
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The  reaction  mixture  from  above  was  introduced  into  an 
Aerograph  Autoprep  with  a  Ucon  oil  column  at  85°  in  0.5  ml. 
portions  and  products  which  eluted  first  and  second  were 
collected . 

The  n.m.r.  spectrum  of  the  product  which  eluted  first 
showed  a  multiplet  at  3.5&t  and  a  doublet  at  7.677^  ,  J  =  1.1 
c.p.s.  with  the  ratio  of  the  areas  1:3.  Of  the  six  possible 
products,  1 , 2-dibromopropene  is  the  only  compound  having  an 
allylic  methyl  group.  The  n.m.r.  of  the  first  product  eluted 
is  consistent  with  1 , 2-dibromopropene .  The  n.m.r.  spectrum 
of  the  authentic  trans-1 , 2-dibromopropene  was  superimposable 
with  that  of  the  first  product  eluted,  and  the  authentic 
sample  had  an  identical  retention  time  on  g.l.c.  The  infrared 
spectrum  of  the  product  was  superimposable  with  that  from 
authentic  trans-1 , 2-dibromopropene . 

In  order  to  prepare  a  mixture  containing  more  of  the 
third,  fourth  and  fifth  products,  a  250  ml.  three-necked 
flask  was  charged  with  150  ml.  ether  and  anhydrous  hydrogen 
bromide  was  bubbled  through  the  solution  for  one  hr.  prior 
to  addition  of  0.5  g.  ferrous  chloride,  0.5  g.  hydroquinone 
and  30.0  g.  (0.25  mole)  propargyl  bromide-bromoal lene  mixture. 
After  9  hr.,  hydrogen  bromide  addition  was  stopped  and  the 
reaction  was  quenched  with  an  ice-water  mixture.  The  solution 
was  washed  with  water  and  three  times  with  5%  sodium  bicarbonate 
solution  and  dried  with  anhydrous  magnesium  sulfate.  The 
solution  was  chromatographed  using  an  Aerograph  Autoprep  with 
a  Ucon  oil  column  at  115°  in  0.5  ml.  portions.  The  products 
eluted  third,  fourth  and  fifth  were  collected. 
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1  ; 


-80- 


The  n.m.r.  spectrum  of  the  third  product  showed  a  multi- 
plet  at  3.91T,  a  doublet  at  4.32V  with  J  =  2.2  c.p.s.,  and  a 
doublet  at  5.75^  with  J  =  1.0  c.p.s.  The  ratio  of  the  areas 
was  1:1:2  and  this  is  consistent  with  2 , 3-dibromopropene . 

This  is  in  agreeement  with  the  data  reported  by  Whipple, 
Goldstein  and  McClure  for  2 , 3-dibromopropene  (57)  as  discussed 
in  the  Results  section. 

The  fourth  product  was  liquid  at  dry  ice-acetone  bath 
temperature  as  Hatch  and  Harwell  reported  ci^-1 , 3-dibromo¬ 
propene  to  be  (58).  The  n.m.r.  spectrum  of  this  product 
showed  multiplets  at  3. Or  and  5.95t;  (the  ratio  of  the  areas 
1:1  as  expected).  The  n.m.r.  spectrum  of  authentic  cis-1 ,3- 
dibromopropene  was  superimposable  with  this.  Also,  the  reten¬ 
tion  time  of  authentic  cis-1 , 3-dibromopropene  was  identical 
with  the  fourth  product  eluted.  Infrared  (neat):  3082,  3040, 

2970,  2910,  2860,  1615,  1449,  1315,  1208,  1130,  1020,  940, 

-1 

925,  886,  740,  680  cm  .  This  is  consistent  with  the  infrared 
data  reported  for  cis-1 , 3-dibromopropene  (58). 

The  fifth  product  was  solid  at  dry  ice-acetone  bath 
temperature  as  Hatch  and  Harwell  reported  trans-1 , 3-dibromo¬ 
propene  to  be  (58).  The  n.m.r.  spectrum  of  it  showed  multip¬ 
lets  at  3.6t;  and  6.15"fc  (the  ratio  of  the  areas  1:1.17, 
calculated  1:1).  The  n.m.r.  spectrum  of  authentic  trans- 
1 , 3-dibromopropene  (45)  was  superimposable  with  this  and 
the  authentic  sample  had  an  identical  retention  time. 

Infrared  (neat):  3070,  3020,  2963,  1710,  1615,  1430,  1315, 
1290,  1240,  1129,  1060,  940,  890,  739,  721  cm"1.  This  is 
consistent  with  the  infrared  data  reported  for  trans-1 ,3- 
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dibromopropene  (58) . 

None  of  the  products  gave  spectroscopic  data  expected 
for  3 , 3-dibromopropene ;  therefore,  it  was  concluded  that 
this  gem- di bromide  was  not  formed  to  any  significant  extent. 
Competition  Reaction  wi th  Styrene 

A  100  ml.  three-necked  flask  equipped  with  a  dry  ice- 
acetone  condenser,  a  magnetic  stirrer  and  a  gas  inlet  tube 
was  charged  with  15.0  g.  (0.12  mole)  propargyl  bromide, 

27.9  g.  (0.27  mole)  styrene,  20  ml.  pentane  and  1.5  g.  (0.006 
mole)  benzoyl  peroxide.  To  this  mixture,  a  total  of  31.5  g. 
(0.39  mole)  anhydrous  hydrogen  bromide  was  added  over  a  period 
of  three  hr.  and  25  min.  The  pentane  solution  was  washed 
three  times  with  ice  water  and  twice  with  5%  sodium  bicarbo¬ 
nate  solution  and  was  dried  over  anhydrous  magnesium  sulfate. 
Pentane  was  removed  using  a  small  Vigreaux  column.  The  product 
was  analyzed  by  n.m.r.  to  contain  a  65:35  mixture  of  ft-  and 
<*-bromoethylbenzene  and  1 , 2-dibromopropene . 

Hydrobromi nation  in  Pentane  at  Room  Temperature 

A  typical  run  is  described. 

A  100  ml.  three-necked  flask  equipped  with  a  magnetic 
stirrer  and  a  dry  ice-acetone  condenser  was  charged  with 
5.0  g.  (0.04  mole)  propargyl  bromide  or  bromoallene,  0.5  g. 
(0.002  mole)  benzoyl  peroxide  and  20  ml.  pentane.  Anhydrous 
hydrogen  bromide  was  bubbled  through  the  mixture.  The  pentane 
solution  was  washed  three  times  with  ice  water,  twice  with 
5%  sodium  bicarbonate  solution  and  was  dried  over  anhydrous 
magnesium  sulfate.  The  product  was  analyzed  by  g.l.c. 

Although  the  size  of  the  runs  varied  from  run  to  run,  the 
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above  procedure  was  closely  followed  and  similar  proportions 
of  reagents  were  used  in  each  run.  The  results  of  these  runs 
are  summarized  in  Table  I . 

Reaction  Profiles 

A  typical  run  is  described. 

A  100  ml.  three-necked  flask  was  charged  with  20.0  g. 
(0.17  mole)  propargyl  bromide,  10.0  g.  n-heptane,  12.0  g. 
pentane  and  0.5  g.  (0.002  mole)  benzoyl  peroxide.  Anhydrous 
hydrogen  bromide  was  bubbled  through  the  solution  at  room 
temperature  over  a  period  of  6  hr.  and  10  min.  A  total  of 
twelve  aliquots  were  withdrawn  from  the  reaction  vessel, 
washed  thoroughly  with  water  saturated  with  sodium  chloride, 
dried  with  anhydrous  magnesium  sulfate  and  chromatographed. 
The  results  are  shown  in  Figure  I. 

Competition  Reaction  of  Propargyl  Bromide  and  Bromoal lene 
A  100  ml.  three-necked  flask  was  charged  with  5.0  g. 
(0.04  mole)  propargyl  bromide-bromoallene  mixture  containing 
69%  bromoallene,  1.0  g.  n-heptane,  32.0  g.  pentane  and  0.1  g. 
(0.0004  mole)  benzoyl  peroxide.  Anhydrous  hydrogen  bromide 
was  bubbled  through  the  solution  for  one  hr.  Aliquots  of 
the  reaction  mixture  were  removed,  treated  as  described 
above  and  analyzed  by  g.l.c.  Bromoallene  reacted  1.9  times 
as  fast  as  propargyl  bromide  in  the  first  30  min. 

Free  Radical  Reaction  in  Dark 

A  100  ml.  three-necked  flask  equipped  with  a  magnetic 
stirrer  and  a  dry  ice-acetone  condenser  was  charged  with 
10.0  g.  (0.08  mole)  propargyl  bromide,  5.0  g.  n-heptane, 
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12.0  g.  pentane  and  0.25  g.  (0.001  mole)  benzoyl  peroxide. 
The  whole  apparatus  was  wrapped  with  aluminum  foil  and 
hydrogen  bromide  was  bubbled  through  for  three  hr.  The  re¬ 
action  was  quenched  in  ice  water,  washed  thoroughly  with 
water,  and  dried  over  anhydrous  magnesium  sulfate.  The 
product  was  analyzed  to  be  92.6%  1 , 2-dibromopropene  and  6.4% 
1 ,3-dibromopropene , 

Radical  Hydrobromi nation  in  Solvent  at  -78° 

The  technique  used  in  this  series  of  experiments  is 
identical  to  that  used  for  the  runs  at  room  temperature  ex¬ 
cept  that  the  reaction  flask  was  immersed  in  a  dry  ice- 
acetone  bath.  The  results  are  tabulated  in  Table  XX. 

TABLE  XX 

Radical  Hydrobromi nation  in  Solvent  at  -78° 


Run  No.  Solvent  Starting  Conversion  %  Dibromopropenes 


Material 

% 

1,2- 

2,3- 

1,3- 

62 

Pentane 

Propargyl 

Bromide 

67.0 

33.6 

— 

66.4 

63 

», 

Bromoallene 

2.0 

100.0 

— 

— 

80 

tt 

Propargyl 

Bromide 

42.0 

20.8 

— 

79.2 

Neat  Hydrobromi nation  at  -7 8° 

A  typical  run  is  described. 

A  test  tube  14  cm.  in  length  and  1.5  cm.  in  diameter 
was  used  as  a  reactor.  Approximately  0.68  g.  (0.008  mole) 
of  hydrogen  bromide  was  condensed  in  a  test  tube  immersed 
in  dry  ice-acetone  bath  and  an  equimolar  amount  of  propargyl 


. 


, 


-84- 


bromide  or  bromoallene  was  added  to  the  liquid  hydrogen  bromide. 
Immediately,  the  mixture  was  alternately  exposed  to  a  GE  sun 
lamp  and  cooled  in  the  bath  for  equal  lengths  of  time  (approx¬ 
imately  30  sec.)  for  20  min.  At  the  end  of  this  time,  the 
mixture  was  degassed  for  one  hr.  at  -78°  using  a  water  aspi¬ 
rator  or  was  quenched  in  water.  Then  a  sample  of  the  reaction 
mixture  was  introduced  into  the  gas  chromatograph.  The  results 
are  reported  in  Tables  II  and  XXI. 

TABLE  XXI 

Neat  Hydrobromination  at  -78° 

Run  No.  Starting  Conversion  %  Dibromopropenes 

Material  %  1,2-  (%  trans)  1,3-  (%  cis) 


91 

Bromoallene 

96.3 

55.8 

(29.9) 

40.5 

(79.4) 

95 

tl 

79.8 

55.1 

(51.1) 

24.3 

(87.3) 

Attempts  to  Induce  100%  Ionic  Reaction 

The  techniques  used  in  carrying  out  these  runs  were  the 
same  as  those  employed  in  free  radical  runs  at  room  tempera¬ 
ture.  The  variations  in  solvent,  catalyst  and  concentrations 
are  reported  in  Table  XXII. 
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TABLE  XXII 

Run  No.  Starting  Conditions  Solvent  %  Dibromopropenes 


Material 

1,2- 

to 

v* 

CO 

1 

1,3- 

22 

PropargylHydroquinone - 

Bromide  FeClg 

59.1 

25.8 

15.1 

26 

"  "  Ether 

20.8 

79.2 

— 

29 

Bromoallene  "  ” 

Dark 

10.8 

6.2 

86.0 

35 

PropargylHydroquinone30%  HBr70.3 
Bromide  FeCl9  in  HOAc 

DarkZ 

20.5 

9.2 

43 

"  HydroquinoneEther 

FeCl2 

8.6 

85.3 

6.1 

Dark 

Nitrogen 

Detection  of  Bromoallene 

A  gas  washing  bottle  was  charged  with  15.2  g.  (0.12 
mole)  propargyl  bromide,  50  ml.  pentane  and  1.0  g.  benzoyl 
peroxide.  Anhydrous  hydrogen  bromide  and  nitrogen  were 
simultaneously  passed  through  the  mixture.  The  off-gas  from 
this  bottle  was  passed  through  a  5%  sodium  hydroxide  solution 
and  led  into  a  dry  ice-acetone  trap.  The  addition  of  hydrogen 
bromide  was  stopped  after  1.5  hr.  The  pentane  solution  was 
washed  three  times  with  ice  water,  twice  with  5%  sodium 
bicarbonate  solution,  and  was  dried  over  anhydrous  magnesium 
sulfate.  The  reaction  mixture  was  analyzed  to  contain  10.5% 
bromoallene,  73.0%  propargyl  bromide  and  16.6%  1 , 2-dibromo- 
propene .  The  starting  material  had  contained  1.3%  bromo¬ 
allene.  The  material  in  the  dry  ice  trap  was  analyzed  to  be 
mostly  pentane  containing  a  mixture  of  23%  bromoallene  and 
77%  propargyl  bromide. 
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Attempts  to  Trap  HBrC^C-CH^Br 
I  . 

A  100  ml.  three-necked  flask  was  charged  with  51.9  g. 

30%  hydrogen  bromide  in  glacial  acetic  acid  (equivalent  to 
15.6  g.  (0.19  mole)  hydrogen  bromide).  A  solution  of  0.5  g. 
(0.002  mole)  benzoyl  peroxide  in  6.5  g.  (0.055  mole)  propargyl 
bromide  was  added  dropwise  with  stirring  and  cooling.  The 
reaction  mixture  was  diluted  with  ice  water  and  extracted 
twice  with  pentane.  The  pentane  solution  was  washed  three 
times  with  water  and  was  dried  over  anhydrous  magnesium 
sulfate.  The  product  obtained  from  this  run  was  analyzed 
to  be  35.9%  1 , 2-dibromopropene ,  57.4 %  2 , 3-dibromopropene 
and  6.7%  1 , 3-dibromopropene . 

II. 

A  100  ml.  three-necked  flask  was  charged  with  50  ml. 
anhydrous  ether  and  anhydrous  hydrogen  bromide  was  bubbled 
through  the  ether  for  4.5  hr.  with  stirring.  To  this  solution 
5.0  g.  (0.04  mole)  propargyl  bromide  was  added  dropwise. 

The  ether  solution  was  washed  five  times  with  water,  twice 
with  5%  sodium  bicarbonate  solution  and  dried  over  anhydrous 
magnesium  sulfate.  The  product  from  this  run  was  analyzed 
to  be  38.1%  1 , 2-dibromopropene ,  57.0%  2 , 3-dibromopropene 
and  11.0%  1 , 3-dibromopropene . 

III . 

A  100  ml.  three-necked  flask  in  a  dry  ice-acetone 
bath  was  charged  with  1.0  g.  (0.008  mole)  propargyl  bromide 
and  a  crystal  of  benzoyl  peroxide  in  20  ml.  of  pentane. 
Anhydrous  hydrogen  bromide  was  bubbled  through  for  two  hr. 
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At  the  end  of  the  two  hr.  period,  67%  of  the  starting  material 
was  converted  to  a  mixture  of  33.6%  1 , 2-dibromopropene  and  66.4% 
1 , 3-dibromopropene . 

Stereochemistry  of  Radical  Hydrobrominat ion  of  Propargyl  Bromide 

A  series  of  radical  hydrobrominations  on  a  small  scale 
at  dry  ice-acetone  bath  temperature  without  solvent  was 
carried  out  in  order  to  correlate  reaction  time  and  the 
composition  of  the  products.  In  a  typical  run,  a  mixture 
of  1.45  g.  (0.018  mole)  hydrogen  bromide  and  2.32  g.  (0.0198 
mole)  propargyl  bromide  was  alternately  irradiated  by  a  GE 
sun  lamp  and  cooled  in  a  dry  ice-acetone  bath  for  30  sec. 
for  a  20  min.  reaction  time.  The  mixture  was  degassed  by  a 
water  aspirator  for  20  min.  with  agitation  and  was  analyzed 
by  g.l.c.  The  irradiation  time  was  varied  to  obtain  various 
degree  of  conversion.  Results  are  summarized  in  Table  IV. 

Another  series  of  radical  hydrobrominations  was  carried 
out  using  a  slightly  different  technique.  In  a  typical  run, 
a  pear-shaped  flask  was  charged  with  0.83  g.  (0.01  mole) 
hydrogen  bromide  and  1.25  g.  (0.01  mole)  propargyl  bromide. 

The  flask  was  evacuated  to  1.7  mm.  at  liquid  nitrogen 
temperature  for  5  min.,  warmed  upto  -80°  for  5  min.,  evacuated 
again  to  1.7  mm.  at  liquid  nitrogen  temperature.  The  flask 
and  its  contents  were  then  irradiated  from  20  cm.  by  a  GE 
sun  lamp  for  20  min.  at  -78°.  The  final  mixture  was  distilled 
from  flask  to  flask  twice  at  1.7  mm.  and  was  then  analyzed 
by  g.l.c.  Results  are  summarized  in  Table  V. 

Radical  Hydrobromination  of  Methyl  Acetylene 


Radical  hydrobromination  techniques  were  tested  with 
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methyl  acetylene  in  order  to  obtain  a  method  that  resulted 

in  the  minimum  amount  of  isomerization  of  the  products.  In 

the  first  method  tried,  a  flask  was  charged  with  1.0  g. 

(0.0124  mole)  hydrogen  bromide  and  0.5  g.  (0.0139  mole) 

methyl  acetylene.  The  flask  and  its  contents  were  degassed 

at  liquid  nitrogen  temperature  and  warmed  up  to  -78°  twice 

prior  to  irradiation.  Then  the  flask  was  irradiated  from 

20  cm.  with  a  GE  sun  lamp  for  20  min,  in  a  dry  ice-acetone 

bath.  The  residual  hydrogen  bromide  was  removed  by  evacuating 

o 

the  flask  to  1.7  mm.  at  -78  .  The  reaction  mixture  was 
divided  into  two  parts  and  one  part  was  evacuated  for  eight 
min.  and  the  other  part  for  30  min.  The  first  sample  con¬ 
tained  91.6%  cis-l-bromopropene  and  the  second  sample 
contained  98.9%  cis-l-bromopropene . 

When  the  radical  hydrobromination  was  carried  out  in 
the  same  manner  as  described  above  except  for  the  fact  that 
the  residual  hydrogen  bromide  was  removed  by  distillation 
from  flask  to  flask,  the  isomer  composition  of  the  product 
was  found  to  be  99.5%  cis . 

Radical  Hydrobromination  of  Bromoallene  at  -78° 

The  same  technique  used  for  the  radical  hydrobromination 
of  methyl  acetylene  was  used  for  the  radical  hydrobrominaticn 
of  bromoallene:  the  samples  were  degassed  twice  prior  to 
irradiation  and  the  residual  hydrogen  bromide  was  removed  by 
flask  to  flask  distillation.  Results  are  tabulated  in  Table 
VI. 

Separation  of  trans-,  and  cis-1 , 2-Dibromopropene 


The  Aerograph  202  analytical  model  fractometer  was 
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modified  to  collect  fractions  by  the  addition  of  an  insulated 
exhaust  tube  and  a  make— shift  receiver  prepared  from  a  Pyrex 
test  tube.  The  column  temperature  was  maintained  at  95-100°, 
the  injector  200°,  and  the  detector  at  200-225°.  The  tempera¬ 
ture  of  the  detector  had  to  be  kept  in  this  range  to  prevent 
condensation  of  dibromopropenes  in  the  exhaust  tube.  Each 
injection  was  0.1  ml. 

Radical  Hydrobromi nation  of  Bromoallene  in  Ether  Solution 
Anhydrous  hydrogen  bromide  was  bubbled  through  50  ml . 
anhydrous  ether  at  four  to  six  bubbles  per  sec.  for  two  hr. 

The  internal  standard,  n-heptane,  and  bromoallene  (98%  pure) 

0.5  g.  (0.004  mole)  were  added  to  the  hydrogen  bromide  solu¬ 
tion  which  had  been  irradiated  by  a  GE  sun  lamp  for  15  min. 
After  one  hr.  of  irradiation,  an  aliquot  of  the  reaction 
mixture  was  washed  with  saturated  salt  solution,  dried  and 
analyzed  by  g.l.c.  The  analysis  showed  that  24.4 %  of  the 
starting  material  was  converted  to  the  following  products: 

0.9%  propargyl  bromide,  84.8%  1 , 2-dibromopropene ,  8.4%  2,3- 
dibromopropene  and  5.8%  1 , 3-dibromopropene . 

Radical  Hydrobromination  of  Propargyl  Bromide  in  Ether  Solution 
Anhydrous  hydrogen  bromide  was  bubbled  through  50  ml . 
ether  for  four  hr.  and  the  solution  was  irradiated  for  30  min. 
prior  to  reaction.  Propargyl  bromide,  1.0  g.  (0.0084  mole) 
was  added  to  the  solution  and  the  irradiation  was  continued 
for  one  hr.  The  reaction  was  quenched  in  ice  water,  and  the 
organic  layer  was  washed  with  saturated  salt  solution  and 
dried  over  anhydrous  magnesium  sulfate.  The  product  was 
analyzed  to  be  16.5%  bromoallene,  8.7%  1 , 2-dibromopropene , 
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15.9%  2 , 3-dibromopropene  and  58.9%  1 , 3-dibromopropene .  The 
reaction  was  22.1%  complete. 

Ionic  Hydrobromi nation  of  Propargyl  Bromide  in  Ether  Solution 
A  saturated  hydrogen  bromide  solution  was  prepared  by 
bubbling  anhydrous  hydrogen  bromide  through  anhydrous  ether 
until  there  was  no  further  change  in  hydrogen  bromide  concen¬ 
tration  determined  by  a  titration  with  a  standardized  sodium 
hydroxide  solution.  A  0.5  g.  portion  of  hydroquinone  and 
0.5  g.  ferrous  chloride  were  added  and  then  0.6  g.  (0.05 
mole)  propargyl  bromide  was  added  to  the  solution.  The 
whole  apparatus  was  wrapped  in  aluminum  foil.  After  two  hr. 
of  stirring  the  reaction  was  quenched  in  ice  water,  washed 
with  saturated  salt  solution  and  dried  over  anhydrous  magne¬ 
sium  sulfate.  The  reaction  was  82.6%  complete  and  the  prod¬ 
uct  was  analyzed  to  be  86.5%  bromoallene,  0.4%  1,2-dibromo- 
propene,  12.5%  2 , 3-dibromopropene  and  0.6%  1 , 3-dibromopropene . 
Ionic  Hydrobromi nation  of  Bromoallene  in  Ether  Solution 

The  method  employed  in  ionic  hydrobromination  of  propargyl 
bromide  was  used  in  this  case.  After  two  hr.  of  stirring  the 
reaction  was  4.7%  complete,  and  the  product  was  analyzed  to 
be  26.5%  propargyl  bromide,  3.4%  1 , 2-dibromopropene ,  21.2% 

2 , 3-dibromopropene ,  9.1%  1 , 3-dibromopropene  and  25.8%  un¬ 
identified  material.  The  unidentified  material  had  a  longer 
retention  time  and  might  have  been  a  cyclobutane  derivative 
(46)  . 

Purification  of  Diethyl  Ether 

It  was  found  in  one  of  the  radical  hydrobromination  runs 
in  a  closed  system  that  compounds  which  had  not  been  observed 
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before  began  to  appear  when  the  propargyl  bromide  concentration 
was  less  than  0.1  molar.  When  ether  alone  was  exposed  to  the 
reaction  conditions  some  of  these  strange  compounds  were 
present;  therefore,  ether  was  shaken  with  concentrated  sul¬ 
furic  acid  in  an  attempt  to  remove  these  hydrogen  bromide 
reactive  impurities.  The  estimated  concentration  of  these 
impurities  was  0.015%. 

When  it  was  found  that  the  treatment  with  concentrated 
sulfuric  acid  did  not  remove  all  of  the  impurities,  about  20 
ml.  of  ether  was  treated  with  liquid  bromine.  In  comparison 
to  the  color  of  carbon  tetrachloride  containing  a  known 
amount  of  bromine,  ether  containing  the  same  amount  of  bromine 
was  much  lighter  in  color.  Some  ether  was  treated  with 
bromine  until  the  color  of  bromine  remained,  washed  with 
water,  dried,  distilled  and  stored  over  sodium  wire.  This 
ether  did  not  give  rise  to  any  strange  product  in  the  radical 
hydrobrominations .  A  substitution  of  hydrogen  bromide 
treatment  for  the  bromine  treatment  gave  the  same  result. 

This  ether  was  used  in  hydrobrominations  described  in 
following  sections. 

Radical  Hydrobrominations  in  a  Closed  System 

Radical  hydrobrominations  in  a  closed  system  were  carried 
out  under  positive  nitrogen  pressure  using  a  GE  sun  lamp  as 
a  source  of  u.v.  rays.  Ether  and  hydrogen  bromide  were 
distilled  into  a  reactor  which  was  a  three-necked  200  ml. 
flask,  and  propargyl  bromide  was  injected  into  the  reactor 
through  a  serum  cap  using  a  hypodermic  syringe.  Aliquots  of 
the  reaction  mixture  were  taken  from  the  bottom  of  the  reactor 
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through  a  stopcock  or  through  a  serum  cap  using  a  syringe. 
Each  aliquot  was  washed  with  saturated  salt  solution,  dried 
over  anhydrous  magnesium  sulfate  and  analyzed  by  g.l.c.  The 
results  are  tabulated  in  the  Results  section. 

Allylic  Chlorinations  Using  t-Butyl  Hypochlori te 

A  test  tube  was  charged  with  1.0  g.  (0.005  mole)  1,2- 
dibromopropene  and  0.54  g.  (0.005  mole)  freshly  prepared 
_t-butyl  hypochlorite.  The  contents  were  cooled  in  a  dry 
ice-acetone  bath  and  exposed  to  a  GE  sun  lamp  alternately 
for  30  sec.  periods  over  a  reaction  time  of  20  min.  The 
resulting  mixture  was  analyzed  by  g.l.c.  which  indicated 
the  presence  of  a  very  small  amount  of  material  with  the 
same  retention  time  as  the  known  cis-  and  trans-1 , 2-dibromo- 
3-chloropropene . 

A  test  tube  was  charged  with  the  same  amount  of  material 
as  used  above  and  was  irradiated  for  30  min.  According  to 
g.l.c.  analysis,  the  amount  of  the  starting  material  de¬ 
creased  but  the  expected  1 , 2-dibromo-3-chloropropene  did 
not  appear.  A  group  of  complex  peaks  in  g.l.c.  was  not 
investigated;  however,  it  was  noted  that  the  starting 
material  had  isomerized  from  85.7%  trans  to  63%  trans . 

A  50  ml.  round-bottomed  flask  was  charged  with  1.0  g. 
(0.005  mole)  1 , 2-dibromopropene ,  0.27  g.  (0.0025  mole) 
freshly  prepared  t-butyl  hypochlorite  and  0.25  g.  o-di- 
chlorobenzene .  The  flask  and  its  contents  were  cooled  to 
liquid  nitrogen  temperature,  evacuated  for  ten  min.  at  two 
mm.,  warmed  to  room  temperature  for  ten  min.,  evacuated 
again  to  two  mm.  at  liquid  nitrogen  temperature  for  ten 
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min.,  and  warmed  to  -78  .  Then  the  contents  were  irradiated 
by  a  GE  sun  lamp  placed  20  cm.  from  the  flask  for  1.5  hr.  at 
-78°.  G.l.c.  analysis  of  the  reaction  mixture  indicated 
39.5%  of  the  starting  material  had  reacted  to  give  a  number 
of  products,  two  of  which  had  the  same  retention  times  as 
known  cis-  and  trans-1 , 2-dibromo-3-chloropropene .  The 
composition  of  1 , 2-dibromo-3-chloropropene  was  analyzed 
to  be  60.4%  trans  by  g.l.c.  The  starting  material  was  77.0% 
trans .  It  was  realized  at  this  point  that  n.m.r.  analysis 
of  1 , 2-dibromo-3-chloropropene  composition  did  not  agree  with 
g.l.c.  analysis  (about  8%  difference).  This  observation, 
and  the  fact  that  g.l.c.  peaks  were  very  broad,  led  to  the 
conclusion  that  some  decomposition  was  taking  place  on  the 
Ucon  packed  column.  When  a  silicon  gum  column  or  an  Apiezon 
grease  column  was  used,  the  agreement  between  g.l.c.  and 
n.m.r.  analysis  was  within  3%. 

A  25  ml.  flask  was  charged  with  0.315  g.  (0.001  mole) 
99+%  trans-1 , 2-dibromopropene  and  0.034  g.  (0.0003  mole)  t- 
butyl  hypochlorite.  The  flask  was  degassed  by  alternate 
freezing  and  thawing  as  described  above  and  was  irradiated 
for  15  min.  at  -78°.  The  1 , 2-dibromo-3-chloropropene 
obtained  was  39.4%  trans,  according  to  g.l.c.  analysis  using 
a  silicon  gum  column. 

A  50  ml .  flask  was  charged  with  3.0  g.  (0.0128  mole) 

1 , 2-dibromopropene  (mixture  of  isomers)  and  1.3  g.  (0.012 

mole)  _t-butyl  hypochlorite.  The  flask  and  its  contents 

o 

were  degassed  and  irradiated  for  three  hr.  at  -78  .  The 
resulting  reaction  mixture  was  injected  into  an  Aerograph 
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202  fractometer  with  a  silicon  gum  column  at  125°  in  0.02  ml. 

portions,  and  the  compounds  which  were  believed  to  be  cis- 

and  trans-1 , 2-dibromo-3-chloropropene  were  collected.  About 

10  mg.  was  analyzed  by  100  MC  n.m.r.  The  expected  chemical 

shifts  from  tetramethylsilane  of  the  signals  from  the  vinylic 

protons  are  671  and  715  c.p.s.  The  observed  chamical  shifts 

were  665.5  and  710.8  c.p.s.  The  expected  chemical  shift 

between  two  vinylic  proton  signals  is  41.6  c.p.s.  The 

observed  chemical  shift  was  45  c.p.s.  The  deviation  from 

the  expected  values  are  probably  due  to  the  sample  size. 

J  ,  =  1.1  c.p.s.  J  =  1.1  c.p.s. 

obs.  exp. 

Re-characterization  of  1 , 2-Dibromo-3-chloropropene 

It  was  suspected  that  in  the  process  of  brominating 
propargyl  chloride,  a  chlorine  migration  might  have  taken 
place  to  yield  1 , 3-dibromo-2-chloropropene  which  would  give 
an  n.m.r.  spectrum  very  similar  to  that  from  1 , 2-dibromo-3- 
chloropropene .  The  following  tests  were  made  on  the  compound 
prepared  by  the  bromination  of  propargyl  chloride  to  prove 
that  the  compound  was  indeed  1 , 2-dibromo-3-chloropropene . 

Treatment  with  Alcoholic  Silver  Nitrate  About  ten  drops 
of  the  compound  in  question  were  added  to  5  ml .  of  a  saturated 
alcoholic  silver  nitrate  solution.  The  precipitate  obtained 
was  greyish  white.  This  was  very  similar  to  the  precipitate 
obtained  from  allyl  chloride  upon  treatment  with  alcoholic 
silver  nitrate,  while  allyl  bromide  yielded  a  yellow  precipi¬ 
tate  upon  treatment  with  alcoholic  silver  nitrate. 

Test  for  Bromide  Ion  The  silver  halide  precipitate 
obtained  above  was  dissolved  in  sulfuric  acid  and  zinc, 
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oxidized  by  potassium  permanganate  and  shaken  with  about  1 
ml.  carbon  tetrachloride.  No  brown  color  was  noticed.  The 
same  test  gave  rise  to  a  brown  color  in  the  carbon  tetra¬ 
chloride  layer  when  the  precipitate  from  allyl  bromide  was 
used . 

Ozonolysis  A  solution  of  1.0  g.  (0.00327  mole)  of  the 
compound  in  question  in  50  ml.  methylene  chloride  was  placed 
in  a  dry  ice-acetone  trap  and  a  stream  of  oxygen  containing 
ozone  was  passed  through  this  solution  at  -78°  for  30  min. 

After  20  min.  an  intense  blue  color  was  observed  in  the 
solution.  For  an  additional  30  min.,  a  stream  of  oxygen 
without  ozone  was  passed  through  the  solution.  The  resulting 
solution  was  added  dropwise  to  an  ice  cold  solution  of  0.28  g. 
(0.0085  mole)  hydrogen  peroxide  in  100  ml.  water.  The  water 
layer  was  neutralized  to  phenolph thalein  end  point  and  1.0  g. 
(0.0036  mole)  p-phenyl  phenacyl  bromide  was  added.  Enough 
95%  ethanol  was  added  to  make  a  homogeneous  solution  and  the 
solution  was  refluxed  for  one  hr.  When  the  solution  was 
cooled,  a  small  amount  of  solid  melting  at  114-6°  was  collected. 
Upon  recrystallization  the  solid  melted  at  115-6.  The  known 
ester  of  chloroacetic  acid  prepared  in  similar  manner  melted 
at  116-7°. 

o 

Attempted  Radical  Hydrobromi nation  at  -72  in  Ether 

A  200  ml.  flask  was  charged  with  125  ml.  distilled  ether 
and  0.499  mole  hydrogen  bromide.  When  this  solution  was 
cooled  in  a  dry  ice-acetone  bath,  a  white  solid  appeared  in 
the  solution.  The  heterogeneous  solution  was  irradiated  for 
15  min.  with  a  GE  sun  lamp  placed  20  cm.  from  the  flask  and 
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0.0125  mole  of  propargyl  bromide  was  introduced  into  the 
flask.  The  mixture  was  further  irradiated  for  one  hr.  No 
product  was  detected  by  g.l.c. 

Attempted  Radical  Hydrobromi nation  at  -72°  in  Pentane 

To  125  ml.  pentane  at  -72°,  0.0409  mole  hydrogen  bromide 
was  added.  The  solution  was  irradiated  for  15  min.  and 
0.0125  mole  propargyl  bromide  was  added.  As  soon  as  propargyl 
bromide  was  added,  the  solution  became  turbid.  The  turbidity 
was  not  due  to  water  since  a  synthetic  mixture  of  pentane, 
propargyl  bromide  and  water  gave  a  clear  solution  at  -72° 
with  a  plate  of  ice  on  the  wall  of  the  flask.  The  reaction 
was  not  carried  out  any  further. 

Isomerization  of  trans-1 , 2-Dibromopropene  in  Ether 

To  a  solution  of  0.04  mole  of  hydrogen  bromide  in  125  ml  . 
ether  (distilled),  0.00145  mole  trans-1 , 2-dibromopropene  was 
added.  The  entire  solution  was  irradiated  and  aliquots  of 
the  solution  were  examined  by  g.l.c.  The  isomer  composition 
of  1 , 2-dibromopropene  at  various  times  is  tabulated  in 


Table  XXIII. 
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TABLE  XXIII 


Rate  of  I  some rizat ion  of  1 , 2-Dibromopropene  in  Ether 


Time,  min. 

%  trans  isomer  in  1 , 2-Dibromopropene 

1 

98 

2 

97.5 

3 

94.4 

4 

93.6 

5 

93.5 

15 

86.1 

20 

85.6 

30 

80.0 

45 

82.2 

60 

80.5 

120 

78.3 

210 

78.6 

Isomer  Composition  of 

1 , 2-Dibromopropene  from  Bromoallene 

A  flask  was  charged  with  125  ml.  distilled  anhydrous 


ether  and  0.0409  mole 

hydrogen  bromide,  and  the  contents  were 

irradiated  for  15  min, 

.  To  this  solution,  1.2  g.  (0.01  mole) 

bromoallene  was  added, 

.  Aliquots  of  the  reaction  mixture 

were  examined  at  one, 

two,  three,  four  and  five  min.  The 

isomer  composition  of 

1 , 2-dibromopropene  at  one,  two,  three, 

four  and  five  min.,  is  tabulated  in  Table  XIII.  The  products 
obtained  from  this  reaction  were  97.3%  1 , 2-dibromopropene  and 
2.7%  2 ,3-dibromopropene . 
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Isomer  Composition  of  1 , 2-dibromopropene  from  Propargyl  Bromide 
A  0.323  molar  solution  (125  ml.)  of  hydrogen  bromide  in 
anhydrous,  distilled  ether  was  prepared  and  irradiated  as 
above  and  0.0125  mole  propargyl  bromide  was  introduced.  The 
composition  of  1 , 2-dibromopropene  at  one,  two,  three,  four  and 
five  min.  is  tabulated  in  Table  XIV. 

Gas  Phase  Hydrobromi nation  of  Propargyl  Bromide 

A  200  ml.  three-necked  flask  equipped  with  a  manometer, 
a  magnetic  stirrer  and  inlets  for  hydrogen  bromide  and 
degassed  propargyl  bromide  (freshly  distilled)  was  used  as 
a  reactor.  The  flask  was  then  evacuated  and  hydrogen  bromide 
and  propargyl  bromide  were  introduced  to  the  partial  pressures 
of  34  and  49  mm.  respectively.  The  contents  were  stirred 
for  approximately  five  min.  using  the  magnetic  stirrer.  Then 
the  flask  and  its  contents  were  irradiated,  after  which  a 
5  ml.  portion  of  anhydrous  ether  was  injected  into  the  flask 
to  dissolve  the  products  and  the  starting  material.  The  ether 
solution  was  washed  with  saturated  salt  solution  and  dried 
over  anhydrous  magnesium  sulfate.  All  of  the  reactions  seemed 
to  have  an  inhibition  period  of  about  five  min.  A  slight 
haze  formed  on  the  wall  of  the  flask  after  approximately 
6-7  min.  of  irradiation.  The  results  are  tabulated  in 


Table  XV. 
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APPENDIX 

Approximate  Bimolecular  Collision  Rates 

The  bimolecular  encounter  rate  in  solution  for  hydrogen 
bromide  and  HBrC-^CBr— ^CH2  (R*)  was  calculated  using 
Smoluchowsky 1 s  equation  (82). 
k  =  4icr  (D  +  D) 
where  k  =  rate  constant 

r  =  collision  radius 
D  =  diffusion  coefficient. 

The  diffusion  coefficient  can  be  calculated  as 

1/2 

D =  (7.4  X  10"8)  _ I 

0 . 6 

fJL  V 

where  X  =  association  parameter  (1.0  for  ether) 

U  =  viscosity  of  solvent  (0.223  centipoise  for 
ether  at  30°) 

V  =  molar  volume  of  solute  at  normal  boiling  point. 

V  was  obtained  using  the  additive  volume  increments  reported  by 

Reid  and  Sherwood  (83).  It  was  assumed  that  hydrogen  bromide 

was  complexed  with  one  mole  of  ether.  This  is  a  reasonable 

assumption  since  hydrogen  chloride  is  found  to  associate  with 

ethers  according  to  measurements  of  electric  moment  (84), 

infrared  (85)  and  Raman  spectra  (86)  of  hydrogen  chloride  in 

ether  solutions.  Assuming  the  allyl  radical  R  to  be  un- 

-5 

associated  with  solvent,  Djjgr  =  4.06  X  10  and  Dp*  =  4.77  X 
10  ^  cm^/sec.  Using  these  values,  one  obtains  k  =  1.2  X  lO1^ 

1.  mole  1  sec.  ^  This  seems  to  be  a  reasonable  value  (87). 
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Then  the  number  of  encounters  in  0.3  molar  hydrogen 
bromide  solution  can  be  expressed  as 

kCHBrJCR'l  =  3.6  X  109  CrO  sec”1 
However,  this  represents  the  total  number  of  encounters,  some 
of  which  do  not  result  in  a  reaction.  If  one  can  express 
the  fraction  of  encounters  with  sufficient  energy  to  react  by 
-E/RT 

e  ,  then  the  number  of  encounters  which  result  in  a  reaction 

can  be  expressed  as 

-E/RT 

3  .6  X  10MCR*J  e  sec  . 

The  collision  rate  constant  of  two  identical  molecules 
in  the  gas  phase  can  be  calculated  by  the  following  equation 
(88)  . 


k  = 


N0ZP 


10^  (n’ 

where  NQ  =  Avogadro’s  number 


0l/2  9  9 

Z  =  ± _ tlct  v(n*  r 


where  4  =  collision  radius 
v  =  mean  velocity 


p  =  orientation  requirement  (assume  1) . 

If  this  can  be  extended  to  the  collision  of  hydrogen  bromide 
and  (RO ;  one  obtains  k  =  7.55  X  1019  1.  mole  1sec  1.  This 
seems  to  be  reasonable  (89) .  The  total  collision  rate  when 

_3 

the  hydrogen  bromide  concentration  is  10  molar  is  7.55  X 
10'[R^l  sec  .  However,  the  number  of  collisions  with 

7 

sufficient  energy  to  react  is  expressed  as  7.55  X  10  CR*J  e 
-1 

sec 


-E/RT 


As  one  can  see,  the  total  number  of  collisions  is 
approximately  50  times  larger  in  solution  as  in  the  gas  phase. 
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However,  the  number  of  collisions  having  sufficient  amount  of 
energy  to  react  may  be  of  the  same  order  of  magnitude  since 
it  is  likely  that  the  activation  energy  for  the  abstraction  of 
hydrogen  from  hydrogen  bromide  highly  associated  with  ether 
is  greater  than  that  for  the  abstraction  of  hydrogen  from 
unassociated  hydrogen  bromide.  Moreover,  R#  may  also  be 
complexed  with  ether  in  solution  as  halogen  radicals  are 
reported  to  be  stabilized  by  complexing  with  solvents  such 
as  carbon  disulfide  and  benzene  (93)  .  These  factors  are 
likely  to  make  the.  lifetime  of  R#  in  solution  greater,  thus 
making  the  lifetime  in  solution  comparable  to  that  in  the 
gas  phase. 
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